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Abstract
This work addresses a better understanding of water dynamics in cement paste and mortar 
materials. Permeability to water and water transport diffusion are measured using 
magnetic resonance profiling. Water self diffusion in one and two dimensions is measured 
using nuclear magnetic resonance pulsed field gradient diffusometry.
With regard to water permeability of cement paste and mortars, three topics are 
addressed. The permeability is measured as a function of relative humidity for cement 
pastes of different sizes and as a function of sand size for mortars. The relative liquid 
water and water vapour permeability are calculated using a modified version of a model 
suggested by Baroghel-Bouny et al. M. The intrinsic permeability values for cement 
pastes are similar to those measured by beam bending methods by Vichit-Vadakan and 
Scherer [ll]. The values found for mortars are similar to those measured by Baroghel- 
Bouny et al. [l]. The time dependence of the equilibration of the water concentration 
profile is also measured.
With regard to water transport diffusion, mortars with different sand sizes are studied 
during water ingress/egress cycles. It is shown that ingress of water into dried mortars 
slows dramatically after some time most likely due to pore blocking by particulate fines 
carried with the water. Two indicative transport diffusion coefficients are obtained 
corresponding to the water diffusion before and after the blockage is encountered.
With regard to diffusometry, the water self-diffusion coefficient was measured in a 
cement paste and found to decrease rapidly in the early stages of hydration. The capillary
^ V. Baroghel-Bouny, M. Thiéry and X. Wang, Modeling of isothermal coupled moisture-ion transport in 
cementitious materials, Cement and Concrete Research, 41, 2011, p. 828.
[11] W. Vichit-Vadakan and G.W. Scherer, Measuring permeability of rigid materials by a beam-bending 
method: III. Cement paste, J. Am. Ceram. Soc., 87, 2004, p.1615.
pore size distribution is measured from an analysis of restricted diffusion data in a mature 
sample. No evidence of capillary pore anisotropy is found [llll
V.V. Rodin, P.J. McDonald and S. Zamani, A nuclear magnetic resonance pulsed field gradient study of 
self-diffusion of water in hydrated cement pastes, Diffusion Fundamentals, 18, 2013, p. 1.
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Chapter 1
1. Introduction
The rapid worldwide growth of construction and the consequent increased demand for 
cement and concrete is increasing motivation to understand the micro-structure of, and 
pore-water dynamics in, cementitious materials. Increasing greenhouse gas (GHG) 
emissions have made way for enforcing new targets to reduce carbon dioxide (CO2) 
emissions. The cement production sector is responsible for about 5-8% of world annual 
CO2 emissions [1]. This may seem to be a small percentage, but the fast growth and 
intensive use of these materials will inevitably increase GHG emissions from this sector, 
where about 7.5-10 billion tonnes of concrete are produced per annum worldwide which 
is more than one tonne for every person on earth [2] [3] [4]. CO2 is mainly produced in 
cement production process when raw materials (calcite) are burnt at 1500°G to produce 
lime (CaCOg —» CaO + CO2). The rest of the CO2 is emitted during clinker grinding, 
transportation and constructions. A key reason for the considerable volume of these 
materials is that approximately half of the infrastructure and buildings expenditure is for 
repair and renovation. Reducing degradation would reduce demand for cement and hence 
CO2 emission.
Most of the mechanisms that cause concrete to deteriorate are dependent upon water 
transport [5]. Water diffusion carries impurities such as salt, chemical solutions, etc. that 
cause serious damage inside cement-based materials. Understanding diffusion 
phenomenon, water sorption hysteresis, pore-water interactions and pore blocking 
phenomenon can be used to help to improve the micro structural properties of cement 
materials and limit degradation and hence use of materials in repair. Moreover better 
understanding of water in cement gives industry confidence to introduce new
1
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supplementary cement-based materials that limit the use of limestone. Both approaches 
ultimately reduce CO2 emissions.
Understanding cement-based materials structure and water dynamics in porous media 
such as cements and concretes are critical to the long term objective of improving these 
materials from the perspectives of durability and performance. Despite the long and wide­
spread use of cement based materials in building infrastructure, the microstructure of 
these materials and its relationship to the macroscopic properties of cement and cement 
based materials is still not well understood [6]. Nuclear magnetic resonance (NMR) has 
been shown to be a very successful technique to gain information about the micro­
structure of cement-based materials and water mobility characteristics in them.
This project is done using lH  NMR techniques applied on cement-based materials. This is 
because of the importance of cement porosity and water in determining the macro 
properties of cement and the fact that water transport is at the root of many degradation 
mechanisms of concrete [7].
The title of this research is “Magnetic Resonance Imaging Characterisation of Water 
Transport in Cement-Based Materials”. It is going to describe the application of magnetic 
resonance imaging (MRI) to cement-based materials in order to understand water 
permeability and diffusion in cement-based materials.
In this thesis NMR is used to:
1. Make accurate measurements of cement paste and mortar permeability.
2. Test a state of the art model of water transport and water permeability in cement 
paste and mortar.
3. Explore water hysteresis effects in mortar materials and show that diffusion stops 
after some time.
4. Show that NMR pulsed field gradient diffusometry (PEG) can be used to 
understand capillary pore structure and size.
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1.1 Cement based materials
1.1.1 Cement, mortar and concrete
Forms of cement have been known and used since antiquity. Cement and concrete are 
recently in high demand and they are widely used due to their unique characteristics. 
Cement and concrete are widely thought of as the same material whereas in fact they are 
technically different.
Cement is a fine powder material that is normally made by heating a mixture of limestone 
and clay at a temperature of about 1450°C. This process leads to clinker products, which 
are then mixed with a small amount of calcium sulphate, and finely ground to produce an 
anhydrous material that is called cement. Cement powder is a mixture of oxides of iron, 
silicon, sulphur, aluminium and calcium. In use, cement powder is mixed with water and 
the resultant cement paste hardens during curing, a process called cement hydration. By 
trying to add waste products in cement manufacture such as PFA (Pulverised Fuel Ash or 
fly ash) it can help in reducing C 0 2 emission and also help to use up waste products from 
other industries.
Concrete is a composite of coarse and fine aggregates in a cement paste matrix. Cement 
is a “glue” that holds the composite together. Fresh concrete flows and can be formed 
into any shape. When it sets, it is the strong durable material used in construction. If only 
fine sand aggregates are used, then the material is known as mortar. Mortar is used, for 
instance, in cementing bricks together [8].
Mankind has constructed buildings and other structures such as bridges, dams, roads, 
canals, etc. since prehistory. Large buildings of ancient Mesopotamia were mainly made 
of mud brick. Assyrians and Babylonians used clay in their constructions. Later, 
Egyptians discovered lime (calcium-containing materials) and used it in the Egyptian 
pyramids as a binding material. A material, very similar to modem cement was found by 
the Romans. They mixed lime, as a rich source of calcium with volcanic ash (pozzolanic 
ash from Mount Vesuvius) as a source of silica with water and produced pozzolanic 
cement. A combination of calcium, silica and water makes calcium silicate hydrate gel 
(C-S-H) which is the main binding phase of cement paste. After the Romans, there was a 
general decline in construction skills using cement in Europe until the late middle ages. In 
eighteenth century a British engineer, John Smeaton, was looking for a material to be
3
Chavter 1. Introduction
able to construct lighthouses on exposed rocks to prevent shipping losses. He found that a 
mixture of lime, clay and crushed slag with water produced a material called mortar 
which hardened under water. In 1824, Joseph Aspdin produced a material called Portland 
cement by firing ground clay mixed with lime stone until it was calcined. It is called 
Portland cement because the concrete made from it is very similar to Portland stone. The 
only problem of Aspdin’s cement was that it was not produced at a high enough 
temperature. At high temperatures (~1450°C) clinkering occurs and minerals form which 
are very reactive. In 1845, Isaac Johnson made the same Portland cement but by burning 
chalk and clay at higher temperatures. In the meantime, development of rotary kilns, the 
addition of gypsum to control setting and use of ball mills to grind clinker and raw 
materials were very important in the manufacturing process lead to modem Portland 
cement [9].
1.1.2 Current demand of cement based materials and reasons
Several factors are important in order to make a proper choice of material for 
construction. These include: overall price, availability, easy access, ease of use, 
durability, strength amongst others. Concrete is a most suitable and unique material that 
fulfils most of the vital factors needed for construction and infrastructure. The main 
reason that concrete is very popular is its price. As it is shown in Figure 1-1, concrete is 
cheap per kg compared to other construction materials. Figure 1-1 shows that annual 
production of many materials and is strongly correlated to price.
4
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Figure 1-1: Price of materials and annual production. Reproduced from [4].
There are several reasons for the low price of concrete. Firstly, raw materials for concrete 
are widespread. They can be easily found everywhere which solves the problem of 
transportation and its cost. Secondly, it is very easy to transport raw materials if needed. 
Cement can be carried easily by hand moveable sacks or it can be pumped through pipes 
into a lorry, train or ship for big quantities. The third reason is ease of construction. There 
is no need for a complex facility to prepare concrete and you only need a mixer to mix the 
raw materials and a mould to cast them in. Moreover, concrete is very flexible in use. It 
means, it is possible to cast it in almost any shape and size, and it is able to be hardened at 
different temperatures close to atmospheric. Last but not least is that concrete is water 
tight and hardens more and more under water.
Concrete has very high compressive strength but a poor tensile strength. This weak 
property can be improved by introducing steel reinforcement. The combination of 
concrete and steel reinforcement makes a suitable material with high tensile and 
compressive strength for wide range of applications. Durability is a crucial factor of 
construction materials. A good concrete is generally durable. [10].
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Cement is considered as a high energy consumer material because of the huge production 
per year worldwide. However, the cement production process is a low energy process per 
unit mass (or volume) of the material. Figure 1-2 shows a diagram of production energy 
consumption of different construction materials and concrete production is not a high 
energy consumer per unit volume compared to other materials. Concrete is even better 
than wood [11].
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Figure 1-2: Energy consumption (embodied energy) for various construction materials. Reproduced from [4].
1.2 Cement production, chemistry and hydration
Here, cement chemistry and two main processes of cement production and cement paste 
hydration are discussed.
1.2.1 Cement production
Nowadays, cement manufacturing is a global industry. Portland cement production 
consists of three parts of: (1) raw material mixing process; (2) high temperature clinker 
burning process; and (3) final grinding process.
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During these three processes, limestone and clay are mixed and heated at a high 
temperature of about 1450°C in huge cylindrical steel rotary cylindrical kilns. Clay and 
limestone are ground separately and then they are mixed in an appropriate ratio to achieve 
the right chemical composition. After heating the mixture to high temperature, partial 
fusion occurs and new substances called clinkers are produced. The clinker is mixed with 
a few percent of gypsum (calcium sulphate) to regulate the setting time and it also affects 
the rate of strength development and then the clinker is finely ground to produce the 
cement.
C 0 2 is generated both directly and indirectly. Directly, it comes from the chemical 
process during which calcium carbonate is heated to produce lime. C 0 2 is the other 
product of this chemical process CaC 03 —» CaO + C 0 2. Indirectly, it comes from burning 
fuel in the processes of cement production, transportation and construction.
1.2.2 Cement chemistry
Modem cement is a grey powder. Cements, in general, are adhesive materials functioning 
as a matrix which is capable of bonding fragments or particles of solid matter together in 
order to produce a compact matter. Cement materials can be classified into two main 
groups. The first are non-hydraulic cements which cannot be hardened in water or which 
are not stable in water, such as plaster of Paris. The second are hydraulic cements which 
are able to harden in water giving a solid product which is stable in water, such as 
Portland cement [12]. The standard specifications of cements made throughout the world 
are similar but not identical. They are produced under different names in different 
countries such as ordinary portland cement (OPC) in former British standards. Portland 
cement is the material used in this work and the whole discussion of cementitious 
material in this thesis will be about Portland cement.
Cement is nothing but a mixture of oxides of calcium, silicon, aluminium and iron. 
Portland cement mainly consists of lime (CaO), silica (S i02), alumina (Al2O3) and iron 
oxide (Fe20 3). These combine into the four major phases called alite, belite, aluminate 
and ferrite. Other phases are present in small amounts. Cement chemists use an 
abbreviated notation for the oxide phases present in cement (that can be confusing to non­
cement chemists). The nomenclature is given in Table 1-1.
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Table 1-1: Cement nomenclature and chemical formulae [8].
Abbreviative formulae Oxide phases formulae Description
C CaO Calcium oxide
M MgO Magnesium oxide
T T i0 2 Titanium oxide
S S i0 2 Silica
A A12Os Aluminium oxide
H h 2o Water
F Fe20 3 Ferric oxide (iron oxide)
C co2 Carbon dioxide
The oxide phases combine into phases as shown in Table 1-2.
Table 1-2: Typical composition of phases in Portland cement clinkers [8].
Cement Compound Chemical notation Cement notation
Alite 3Ca0.Si02 C3S
Belite 2CaO.Si02 C2S
Aluminate (cubic) 3Ca0.Al20 3 QA
Ferrite 4CaO.Fe20 3. A120 3 C4AF
The main component of Portland cement is CgS (tri-calcium silicate or alite). Alite, reacts 
very quickly with water and it is the component which is most responsible for the strength 
development of cement during the early part of the cement hydration time. Another 
important phase of Portland cement is belite known as di-calcium silicate or C2S (belite). 
This component reacts slowly with water. Therefore, it does not contribute so much to the 
strength of cement paste during the early part of the hydration time. However, it has an
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important role in strength development at later ages. Aluminate is another constituent of 
the Portland cement. It is modified in composition by ionic substitution. It reacts rapidly 
with water which leads to a very quick setting which makes it harder to work with the 
cement. To avoid this rapid undesirable setting, aluminate is usually mixed with another 
agent e.g. gypsum to control setting. The 4th phase of the composition of the Portland 
cement is ferrite. Ferrite is tetra-calcium alumino-ferrite and it is modified in composition 
by changing the ratio of Al/Fe to find the optimum rate of reaction. The rate at which it 
reacts with water is initially high and it is low at later ages [8].
In this work low CgA white cement is used for all of the measurements. The composition 
of cement is known to be 67.3% alite, 23.3% belite, 3.6% aluminate and 4.3% 
gypsum/hemihydrate/anhydrite with other phases less than 1.5% total [94]. White cement
is used because of its low Fe3+ impurity content. Paramagnetic impurities lead to fast 
NMR relaxation and information loss.
1.2.3 Cement hydration process
The hydration process can be divided into three periods: (1) early; (2) middle; and (3) 
late. The early stage of hydration starts immediately after mixing water to cement powder. 
Sulphate starts to dissolve immediately after mixing H20  with cement powder producing 
an alkaline sulphate rich solution. This step continues up to 3 hours. Within about 10 
minutes AFt ^Al2O2-Fe2(92-tri^ phases such as ettringite are developed within the mixture 
because of the reaction of C3A with water and the sulphate rich solution. Note that the 
cement used in this work is low in sulphate and C3A.
The middle period of hydration begins after 3 hours. It lasts up to the first 24 hours. In 
this stage, there is a strong heat evolution present while C-S-H and calcium hydroxide 
(CH) are formed from the reaction of first alite and then belite with water. C-S-H is the 
main hydration product responsible for cement paste strength. C-S-H creates a layer 
around the cement grains significantly at time about 3 hours and the grains are completely 
covered by the time of 4 hours. The reaction creates heat. The shells grow rapidly and at 
about 12 hours, which is called the cohesion point, there is maximum rate of heat 
evolution. This corresponds to the completion of cement setting. The structure of shells
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has a substantial role in mechanical and other properties of cement. At the end of this 
middle period of hydration, some more AFt crystals grow. They are more needle-shaped 
than those ettringite crystals created in the previous stage of hydration.
During the late period of hydration there is decreased ability to transmit fluids through the 
shells. C-S-H starts to deposit from the inside of the layer. Small cement grains (smaller 
than 5 pm) react completely in the middle stage of hydration. It is different for large 
grains. In those grains, the spaces between shell and core are filled up by 7 days. In this 
stage aluminate phase reacts and AFt phase formed earlier is replaced by AFm (AI2O3- 
Fe2 0 3-mono) phase which is formed within the shells. The hydration of belite is very 
difficult to distinguish except for cement pastes older than one year.
To conclude, it can be said that, there are four main hydration products present in cement 
pastes: (1) calcium silicate hydrate or C-S-H; (2) calcium hydroxide or Ca(OH)2; (3) AFt 
phases or CgA.SCaSO^SZ^O; and (4) AFm phases or CsA.CaSCU. I2H2O. C-S-H and 
CH dominate in the low C3A cement used here. The reactions can also be written in 
cement chemistry notation as:
C3S + { 3 - x  + y ) H ^ C x S H y+{3-x)CH( U )  
C2S + ( 2 - x  + y ) H  ^>Cx S H y+ ( 2 - x ) C H  ( 1.2 )
Figure 1-3: Schematic diagram of the cement hydration process: (1) dissolution of cement grains in water; (2) 
formation of compounds in solution; and (3) compounds precipitate out as solids known as hydration products.
Reproduced from [111].
Figure 1-3 shows a schematic diagram of the cement hydration process. In the first stage 
immediately after adding water to the cement powder, the cement grains start dissolving 
in water. This reaction is exothermic and generates heat. At this stage the ionic
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concentration of the solution increases and the compounds are formed in the in solution. 
At this stage the gel like mixture is formed. After the solution is saturated the compounds 
precipitate into solid phases which are known as hydration products. In later stages of 
hydration, the products form on or near the surface of the anhydrous cement. The 
complete hydration time can be a very long time. Significant hydration is complete in 28 
days.
1.3 Morphology of hardened cement paste
Initially when cement and water are mixed the cement particles are in a continuous water 
reservoir. As hydration products form, the remaining water is left in capillary pores 
between the hydration products. These water filled pores get smaller with time, ending up 
on the nanometre scale as interhydrate capillary pores.
In addition, because the density of hydration products is greater than that of the water and 
cement from which they are made combined, there is chemical shrinkage. Chemical 
shrinkage is about 7-10% volume total. A small fraction of this comes from macroscopic 
shrinkage of the sample. Most comes from the creation of empty capillary voids of the 
order of micron size. In samples cured underwater, or in samples exposed to water, these 
can fill with water additional to the mixing water. Moreover, the hydration products 
especially C-S-H are themselves nanoporous and filled with water.
The first systematic study of water distribution in cement was introduced by Powers and 
Brownyard [44]. Later other researchers developed different models of cement 
microstructure. Some of the models are discussed here.
According to the Powers’ model, Figure 1-4, cement gel is made up of colloid-size 
particle and is a rigid and strong solid with 28% porosity. Pores are known as gel pores 
with width of 15 A. Bigger pores are also introduced in this model and they are known as 
capillary pores. Capillary pores are the remaining spaces filled with water which have not 
become filled with gel. Their volume depends on the original water-to-cement (w/c) ratio 
and the degree of the cement hydration. As hydration proceeds, the volume of gel 
porosity increases and that of the capillary porosity decreases. Powers’ model classifies
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the evaporable water in the hardened paste into two distinct groups of gel and capillary 
pores which are significantly different in their sizes.
■Capillary pores
Figure 1-4: Schematic description of the structure of the cement gel proposed by Powers. Reproduced from [12].
Ishai’s model [8] is another model describing hardened paste structure. This model is 
based on Powers’ model and it mainly explains volume changes in the paste due to 
swelling and shrinkage. This model suggests four types of evaporable water in the 
hardened paste: (1) water in capillary and gel pores of size of 10-20 Â; (2) water adsorbed 
on the surface of the crystallites in layers 4-8 Â thick; (3) confined water between 
crystallite surface in narrow spaces, 8 Â width; and (4) water between layers of C-S-H 
crystallites, one molecule thick. This model recognises that C-S-H has a layered structure 
comprising layers of CaO and SiO^ tetrahedral interspaced with sheets of water. The 
schematic description of this model is shown below in Figure 1-5.
>*4 0 0 -6 0 0 A
Figure 1-5: Schematic model of hardened cement paste proposed by Ishai. Reproduced from [8].
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Another model to describe hardened cement paste is Feldman-Sereda’s model [8]. In 
Powers model, gel particles have layered structure and it may suggest that part of the 
evaporable water is interlayer (zeolitic) water which is a part of solid. In this case, the 
volume of the evaporable water should be bigger than the pore content of the paste 
because of the interlayer water which was mentioned in Ishai’s model as evaporable water 
as well. However in Feldman-Sereda’s model the presence of interlayer water and its 
importance in explaining the properties and behaviour of the cement paste are more 
significant than that of in Ishai’s model. A schematic diagram is shown in Figure 1-6.
Figure 1-6: Schematic diagram of microstructure of the cement gel proposed by Feldman and Sereda, A 
represents interparticle bond; X represents interlayer hydrate water; C represents C-S-H sheets; O represents
physically adsorbed water. Reproduced from [8].
For the nanostructure of hydrated cement paste, a colloidal model was proposed by 
Jennings in 2000 [46]. It was later refined as CM-II [47]. This model is a combination of 
the layered structure of Feldman-Sereda’s model and the colloidal structure of Powers- 
Brownyard’s model. Jennings’ model is the most recent colloidal-based model used to 
explain aspects of physical and chemical properties of cement paste. C-S-H is modelled 
as a network of globules that are prismatic shaped aggregates. Every globule has outer 
surface, internal porosity and interlayer space. The model suggests water in the following 
environments within C-S-H: (1) interlayer water (c l nm) between CaO and SiOi 
tetrahedral sheets; (2) intra-globule pores due to disordered sheets; (3) small globule 
pores (1-3 nm) between aggregated C-S-H sheets called globules; and (4) large globules
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pores between flocculated globules (3-12 nm). Globules are packed in two ways making 
two types of C-S-H: (1) low density C-S-H; and (2) high density C-S-H. Difference in 
the density is caused due to the difference in porosity due to different packings. It is 
thought low density C-S-H is created early in hydration when there is plenty of space 
available. High density C-S-H forms later when there is less space. A schematic diagram 
of Jennings’ model is shown in Figure 1-7.
Monolayer Inter layer
of Water \  /  Water
ftW?: v r iSESïff
Globule Floc=50nm
IGF
SGP=l-3nm
LGP=3-12nm
Figure 1-7: Schematic model suggested by Jennings for C-S-H: A. Globule model and B. Network of globules 
with small and large gel pores (SGP and LGP) [46][47].
There are several studies reporting the pore types and pore sizes in cement paste based on 
^H measurements of T\ and T2 relaxation times during the hydration of cement. Schreiner 
et al. discussed a three phase model of bound water, gel water and capillary water [112]. 
These have been reviewed by Valori et a l  [140]. According to current understanding, the 
bound water is the chemically combined water in calcium hydroxide (CH) and it has 
almost no mobility. It exhibits long T\ (>100 ms) and extremely short T2 (-10  ps) 
relaxation times. Water in the pores is more mobile but the relaxation is heavily 
dominated by surface interactions. Hence the relaxation rates are a measure of the pore 
surface-to-volume ratio. The interlayer water of C-S-H (largest surface to volume ratio) 
has the shortest pore water T2 (~ 100 ps). The T\ is about 4 times longer as explained by 
Monteilhet et al. [142]. The gel pores, about 4 times bigger than the interlayer spaces, 
have T2 -  400 ps and T\ -  1600 ps. The inter-hydrate pores of 10-20 nm have relaxation 
times 2-3 times longer again. When capillary pores are filled with water the relaxation 
times are 10-100 ms [113].
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1.4 Objectives of the research
Now with an introduction to cement based materials, it is clear that why the study of 
water dynamics in cement based materials is of interest. It is time to have a more in-depth 
look at this field of research. The motivation for this work is due to the large demand for 
cement based materials as a result of rapid growth of constructions all around the world 
and the lack of understanding about the structure and therefore water transport properties 
of cement. This research is specifically focused on water permeability and diffusion using 
NMR. Existing measurements of permeability in the literature vary widely over 
several orders of magnitude due to the difficulty of measuring it by established methods. 
In this work the permeability values of cement pastes and mortar materials are found 
using NMR techniques, for the first time by using gradient at right angle to field 
(GARField) methods. At the outset of this work the permeability of cement and mortar 
materials are not well understood. Values for the diffusion coefficient of water in these 
materials are also found using NMR.
Water uptake hysteresis and pore blocking phenomenon are also studied using the NMR 
single point ramped imaging with T\ enhancement (SPRITE) imaging technique in one 
dimension. At the outset of this work, it had been noticed in some NMR imaging 
experiments that water will ingress mortar for some time and then it stops. The objective 
is to characterise this behaviour.
The self-diffusion coefficient is measured as a function of diffusion time in order to try 
and measure capillary pore size using ideas of restricted diffusion. Another aim of this 
work is to understand more about hydration kinetics and how it would affect the 
properties of cement pastes and mortar materials. To achieve this, the diffusion 
coefficient was measured as a function of hydration time. At outset of this work, most 
NMR studies were reporting much less capillary porosity than was expected according to 
conventional understanding. As a result, it was decided to try and use PEG technique to 
measure the self-diffusion coefficient to explore the capillary porosity by this method.
The main advantages of using NMR and MRI methods are that they are non-invasive and 
non-destructive. Measurements can be made as a function of time. The NMR probes the 
water that is the material of interest. Also it is a direct measurement.
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Chapter 2
2. Review of prior work
2.1 Overview
In this chapter a review of the literature concerning cement, cement permeability and 
cement diffusion is presented. The review will be focused specifically on different 
techniques and models considered to study water transport in cement based materials. 
More specific literature reviews for every topic discussed in this work are provided in 
each chapter of this thesis separately.
2.2 NMR on cementitious materials
NMR has been applied to cement based materials for more than 30 years. Its 
application on cement based materials is to make measurements of pore size distribution, 
specific surface area, C -S -H  density and water fraction and water dynamics over 6 orders 
of magnitude from nano- to milli-seconds. This information comes in easily applied 
experiments that are increasingly well understood, on widely available equipment [140]. 
The basics of NMR can be found in text books such as [52] [54] [57] [58] [80].
Blinc et al. applied lU NMR on cement pastes for the first time [118]. To study the pore 
size distribution Halperin et al. [160] studied a w/c = 0.43 cement paste assuming a 
network of the interconnected pores. This was the first time Laplace inversion of Ta 
CPMG (after Carr-Purcell-Meiboom-Gill) data and the first exchange model were used to
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interpret relaxation rates in terms of pore sizes. Holly et al. [159] also studied the pore 
size distributions using the CPMG and FID (Free Induction Decay) experiments.
McDonald et al. [113] and Korb [108] have given a very detailed review of NMR 
methods applications to study cement pastes and concrete. Using NMR techniques 
McDonald et al. show that the intra- and inter-C-S-H pores are 1.5 nm and 4.1 nm thick 
respectively. The total specific area (refers to the volume of spins adhered to the surface) 
and volume ratio is 2.4 and 0.88 respectively. The volume ratio of readily evaporable 
water within the pore types is 0.63. Hence, the sheet porosity is 47% of the total or 38% if 
based solely on evaporable water [114].
In 2-dimensional NMR relaxometry Valori et a l  [141] studied the effect of paramagnetic 
impurity contents (predominantly Fe3+) in cement paste. They measured inter-pore 
exchange rates and found them to be surprisingly slow. A long exchange time likely 
arises due to the difficulty of escaping the confines of the inter-layer space due to the C- 
S-H interlayer Ca ions. The more information on 2-dimensional NMR relaxometry can be 
also found in [113] [142].
When it comes to the portable instrumentation, the surface GARField was first designed 
and tested by McDonald et a l  [131] [143] and Aptaker et a l  in [144]. Regarding the 
GARField magnet Pitts also studied acrylic adhesives using the open GARField [114]. As 
an example of GARField measurements on other material reference [86] reveals NMR 
studies on polymer films.
2.3 Water transport in cementitious materials
2.3.1 Permeability
Permeability characterises the material from the perspective of fluid flow through it in 
response to a pressure gradient [12]. The permeability is less often measured in cement 
than in other porous media, partly because it is very low and difficult to measure reliably 
[145]. The reported values of permeability in hydrated cement pastes vary between 10"17 
to 10"22 m2 depending on the sample properties such as water to cement ratio, chemical 
composition and hydration degree, sample preparation such as drying and curing
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protocols, permeation fluid such as water, ethanol or oxygen and measurement method 
such as fluid flow cup-tests or beam bending.
Powers et al. studied permeability of fresh pastes (up to 28 days) using water pressure 
induced method for w/c = 0.7. The values of permeability obtained were 2 x 10'13 to 6 x 
10"19 m2 [146]. The water pressure induced works in the way that the specimen is placed 
in a specially designed cell such that water could permeate under a pressure of 1.0 MPa 
through the 25 mm thick outer wall and collect in the inner hollow core was then drained 
out to a collection reservoir where its mass was measured continuously and accurately 
using a computer controlled scale. Nyame and Piston obtained 10"19 to 2 x  10"22 m2 using 
the same method on 3 to 600 days old paste with w/c = 0.23. For pastes with w/c = 0.47 
they obtained 5.1 x 10"17 to 3.1 x 10'22 m2 and pastes with w/c = 0.71 they obtained 2 x 
10 to 2 x  10 20 m2 [147]. Using the same technique, Banthia and Mindess measured 
permeability of fresh (1 to 28 days) pastes with w/c = 0.35 and they obtained 2.5 x 10"17 
to 6.4 x 10 20 m2 [148] and Ye studied 3 to 28 days cement pastes. For pastes with w/c = 
0.4 Ye obtained 6.6 x 10'19 to 9.2 x  10'21 m2, for w/c = 0.5 he obtained 1.6 x 10'17 to 1.4 x  
10'19 m2 and for w/c = 0.6 he obtained 4.7 x 10'17 to 1.9 x  10'18 m2 [150].
Vichit-Vadakan and Scherer studied permeability in cement pastes using the beam 
bending technique. This technique works in the way that bending compresses the pore 
liquid in upper half which creates suction in lower half. Liquid flows through beam, from 
top of the beam into bath and from bath into bottom of the beam. Bath has same 
composition as pore liquid. Rate of flow depends on permeability and elastic modulus. 
They obtained 4 x 1 0 " 21 to 3 x 10"22 m2 for 3 to 14 days pastes with w/c = 0.4,
2 x 10 20 to 10" 21 m2 for 3 to 21 day old pastes with w/c = 0.5 and 10"19 to 6 x 10" 21 m2 
for 5 to 14 days pastes with w/c = 0.6 [149].
Grasley and Scherer used water dynamic pressuiization technique on cement pastes to 
measure permeability. In this method a strain gauge is embedded in the sample and the 
sample is stored in a chamber full of fluid. Pressure applied to the chamber liquid is in 
range of 3 to 10 MPa and it is applied in less than 2 seconds. There is an output wire from 
the strain gauge inside the sample to the logger to measure loading and unloading cycles. 
They found values of 5 x 10"21 to 10"21 m2 on 5 to 14 day old pastes with w/c = 0.4, 
10"19 to 10“ 21 m2 on 3 to 32 days pastes with w/c = 0.5 and 7 x 10" 21 m2 on 32 day old 
paste with w/c = 0.6 [151].
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And finally, Wong et al. using oxygen pressure induced technique showed that the 
permeability values of 90 day old cement pastes are 4 x 10“ 17 m2 and 6.5 x 10“ 17 m2 for 
w/c = 0.3 and 0.45 respectively [152]. The oxygen pressure induced technique works in a 
similar way as water pressure induced method but using oxygen instead of water. Oxygen 
does not react with the sample and gaseous permeation requires a lower pressure gradient 
compared to liquid permeation. Therefore, it potentially causes less damage to sample 
than water pressure induced technique.
These values of intrinsic permeability are compared in Table 2-1.
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Table 2-1: Comparison of experimentally measured intrinsic permeability values using different techniques.
Intrinsic
Group Technique Measurementfluid Sample
Curing
condition
Hydration 
age (days)
w/c permeability
(m2)
Powers 
et al.
Pressure
induced Water
Cement
paste Underwater
Fresh to 
28 0.7
2 x 10"13 to 6 
x 10"19
0.23 10'19 to 2 x 
10"22
Nyame
and
Elston
Pressure
induced Water
Cement
paste Underwater 3 to 600
0.47
0.71
5.1 x 10"17to 
3.1 x 10"22
2 x 10"16 to 2 
x 10"20
Sealed cure
Banthia
and
Mindess
Pressure
induced Water
Cement
paste
for 24 h and 
then 
underwater 
cure
1 to 28 0.35 2.5 x 10"17 to 
6.4 x 10"20
Sealed cure
0.4 6.6 x 10"19 to 
9.2 x 10"21
Ye Pressureinduced Water
Cement
paste
then 
vacuum 
saturated to 
measure
3 to 28 0.5
0.6
1.6 x 10^  to
1.4 x 10"19
4.7 x 10"17 to 
1.9 x 10"18
3 to 14 0.4 4 x 10'21 to 3
Vichit-
Vadakan
and
Scherer
Beam bending Water Cementpaste
Sealed cure 
then 
underwater 
cure after 2 
days
3 to 21 
5 to 14
0.5
0.6
xlO '22
2 x l 0 2°to
10"21
10"19 to 6 x 
10"21
5 to 14 0.4 5 x 10"21 to
Sealed cure 10"21
Grasley
and
Scherer
Dynamic
pressurization Water
Cement
paste
then 
underwater 
cure after 2 
days
3 to 32 
32
0.5
0.6
10*19to 10"21 
7 x 10"21
Wong et 
al.
Pressure
induced Oxygen
Cement
paste Sealed cure 90
0.3
0.45
4 x 10"17 
6.5 x 10"17
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2.3.2 Diffusion
Diffusion is the process by which matter is transported from one part of a system to 
another as a result of random molecular motion [15]. Diffusion measurements have been 
carried out on cement based materials, in particular cement paste, for about a century. In 
1998, Bohris et al. gave a report of diffusion measurements using NMR techniques by 
profiling the cement paste samples. The values of transport diffusion coefficient found 
using stray-field imaging (STRAFI) are D ~ (10c - 5.1) x  10"9 m2/s and 0.6 > c > 0.5 for 
capillary water only and D  ~ (8.7c -  3.4) x  ÎO 9 m2/s for combined gel and capillary water 
with 0.6 > c > 0.4. where c is the volume fraction of water [153].
The self-diffusion studies in porous media and cement paste in particular can be found in 
[115] [116] [117] [118]. Stejskal and Tanner made a common modification to the PFG 
pulse sequence by replacing the Pi go pulse by two P 9o pulses and a storage interval to 
increase the diffusion time for systems with shorter T2 relaxation time. Nestle et a l  [118] 
and Blinc et al. [119] applied the PFG diffusometry methods on cements. They showed 
that the diffusion coefficient could be measured during the early stage of hydration and 
decreased from 4 x 10"10 m2/s at 3 days of moist-curing in Portland cement at w/c = 0.4 to 
3 x 10'10 m2/s at 28 days. The most recent study of water diffusion in cement pastes is 
published in [139] as part of this work. In this study 1- and 2- dimensional diffusion of 
water in cement pastes are investigated. The work is included in this thesis as well and the 
results and discussion can be found in chapter 8.
2.4 MRI of cements
The idea of using NMR to obtain spatial information or an image was demonstrated for 
the first time by Lauterbur in 1973 [154].
Single Point Imaging (SPI) methods were firstly developed on cement by Beyea et al. in 
1998 [156]. Prado et al. [157] studied hardened concrete and concrete during freezing 
conditions using the SPRITE sequence.
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Broad-line magnetic resonance imaging (gradient echo and stray field imaging) were 
demonstrated by Bohris et al. [153] to study water distribution in Portland cement pastes 
while the cure conditions and w/c ratios were varied.
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Chapter 3
3. Water dynamics in cement based materials
3.1 Overview
This chapter will focus on the background theory of water dynamics in porous media and 
cement based materials in particular. A detailed explanation and definition of all of the 
theoretical terms such as water diffusion, water flow, water transport, water hysteresis, 
water permeability, cement pore blocking and the cement isotherm used in this thesis will 
be discussed in this chapter.
3.2 Porosity
Porosity is a key parameter in cement science. It determines the materials’ durability and 
strength and it affects transport properties. The reason that porosity has such influence on 
the mechanical properties is that pores are filled by liquid, air or vapour and these fluids 
do not contribute to the strength of the material. Porosity is the volume fraction of solid 
matrix available to fluids (liquids and gases). Porosity is made up of nano, micro and 
meso scale pores. Sizes of nm to pm pores are present in cement paste and further pore 
sizes in the range of mm are present in concrete. The state of water is determined by 
porosity and it can be divided into chemically bound water (solid water, not part of the 
pore-water), interlayer water (C-S-H sheet water), gel pore water (gel water) and capillary 
pore water [26]. According to Powers, capillary water is the predominant phase involved 
in strength and durability of cement.
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Pore size, shape, filling fluid and porosity fraction in the material affect the mechanical 
properties of cementitious materials. Factors such as temperature, water-to-cement ratio 
and degree of hydration affect the porosity. Cement pastes have the properties of a rigid 
gel. It is a rigid and strong solid of high porosity and internal surface area [8]. Changing 
relative humidity (RH) conditions of the surrounding atmosphere causes the material to 
gain or lose water.
The relation between compressive strength and the paste porosity has been proposed as 
[12]:
S = S 0 expH>p) (3.1)
where Sq is the strength of the paste at zero porosity, p  is porosity and 6 is a constant 
which depends on the type of cement, age of the paste etc. Typical data taken from [22] is 
shown in Figure 3-1.
200
CM
g  loo
rf
C l
0.40 050
Porosity
Figure 3-1: Relation between compressive strength of paste and its porosity. Reproduced from [22].
Other authors have suggested other relationships of porosity and the compressive strength 
[23] [24] [25] [26].
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During the hydration process, capillary porosity (larger pores) decreases with the 
development of smaller pores including gel pores and inter-layer spaces. Solid water 
(chemically combined water) is also developed in, for instance, Ca(OH)2, calcium 
hydroxide or Portlandite. There are other method based on modelling to find the relation 
between the strength of the paste and the evolution of smaller porosities. For instance, 
Powers [24] suggested that strength may be related to the concentration of the solid 
hydration products in the space available for these products. Elsewhere, Powers and 
Brownyard [25] suggested a model in which three components from the volumetric 
standpoint is comprised as unreacted cement, hydration product and capillary pores.
3.3 Experimental methods used to characterise porosity
To be able to define these types of porosities and state of water within the building 
materials and therefore, to understand their engineering properties, different techniques 
are applied to study porosity and pore size distribution. In the next section some of these 
techniques will be discussed in more details. There are several experimental methods can 
be used to study porosity in cementitious materials. All of them have advantages and 
disadvantages compared to each other and it is important to make sure which is used and 
why.
3.3.1 Determination of porosities by pyknometry
For this method, saturated paste is subjected to drying at about 105°C to constant mass. 
Thus total porosities based on “easily evaporable water” are obtained experimentally. The 
drying procedure needs to be done under C 0 2 free condition to avoid carbonation. A 
pyknometric fluid is used to saturate the paste initially. Different fluids lead to different 
results of porosities. For instance, Powers and Brownyard noticed that porosities of D- 
dried pastes obtained using helium were lower than D-dried pastes obtained by using 
water [25]. D-drying is a procedure in which the sample is equilibrated with ice at -79°C 
by continuous evacuation with a rotary pump through a trap cooled in a mixture of solid 
C 0 2 and ethanol [8]. Feldman has got the same lower porosities using helium than using 
water and also he found the same effect from methanol [27]. Day and Marsh also
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confirmed this in [28]. If the paste is measured with an organic liquid, total porosity found 
is very close to the volume exchanged. If the sample is D-dried, the interlayer spaces in
reabsorbed. This is not the case for helium or methanol as they cannot penetrate into this 
space. If the sample is equilibrated at 11% RH, the interlayer water still remains and the 
space is filled. Hence this technique is highly dependent on the condition of sample 
drying and also the pyknometric fluid used to estimate the porosity of the paste.
3.3.2 Pore size by measurement of the sorption isotherm
Measurement of the sorption isotherm has been widely used to infer the pore structure of 
cement paste using water or other liquids as a sorbate. It is a method based on the 
measurement of the amount of vapour adsorbed on the surface of porous media. The 
amount of vapour adsorbed as a function of vapour pressure is measured. The underlying 
theory was first developed by Brunauer, Emmett and Teller (BET) [29]. The equation to 
calculate the specific surface area is given as:
where Xm is the mass of adsorbate gas (g), M  is the molecular weight of adsorbate gas 
(g/mol), A m is the area occupied by one adsorbed molecule (nf/molecule), N  is Avogadro
From the Kelvin equation and taking the gas pressure into account, pore radii can be 
calculated from:
the paste are emptied and when the sample is immersed in water the interlayer water is
S B Ë T -~ rrN  Am M
(3.2)
number (molecule/mole) and S b e t  is the specific surface area (m2/g).
■2 Vm ol 7 s—v
ric-------------------
RT In (3.3)
\ P o J
where rk is pore radius (m), %.v is the surface area tension of the vapour-solid interface 
(N/m), Vmoi is the molar volume adsorbed (m3/mol), P is the pressure (N/m2), P 0 is the
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saturated vapour pressure (N/m2), T  is the temperature (K) and R  is the universal gas 
constant (J/mol).
Pore structure study using this method can be performed with different gases such as 
nitrogen, helium, water etc. as with the previous technique. Parrott found that if other 
gases are used rather than water, the sample needs to be prepared and dried which affects 
the gel structure of cement [30]. The other limitation is that, for different gases results of 
porosity are slightly different and as was mentioned in the previous section some gases 
cannot penetrate into the interlayer spaces. In spite of these disadvantages sorption 
analysis is widely applied and used to study the pore structure of porous materials 
because it is defined with international standards. Sorption analysis was the basis of most 
of Powers’ results [24].
3.3.3 Mercury intrusion porosimetry (MIP)
In this method, a liquid that does not wet a porous material is introduced under pressure to 
the material. The pressure to force the liquid into the pores can be calculated by the 
Washburn equation assuming that the pore shape is cylindrical, as:
p  = - 4 y c o s 0 /d  (3.4)
where y  is the surface energy of the liquid, 6  is the contact angle, p  is the pressure of 
liquid forced into the pores and d  is the pore diameter. The common liquid used for this 
technique is mercury for which y  = 0.483 N/m and 0  is between 117° and 140°. To 
observe pore diameters of 3.5 nm, a maximum pressure of 400 MPa needs to be 
employed. There are some disadvantages using this technique to estimate the pore 
structure of cement paste. First, it does not measure pore sizes but pore entry sizes [31]. 
Therefore, if big pores are entered from small pores, they will be counted as small pores. 
Second, the Pore structure of the material can be changed because of the high pressure 
used to intrude the mercury or due to high temperature used for sample drying. Third, it is 
unlikely to detect and measure coarser porosities. Fourth, to be able to apply the 
Washburn equation, cylindrical pores and a given contact angle were assumed which
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might be incorrect. Finally, using liquid mercury is very harmful for the environment 
since it is toxic.
3.3.4 Scanning Electron Microscopy (SEM)
This technique makes a direct observation of cement paste impregnated with resin. A 
polished surface is studied under the microscope. The impregnated sample is coated with 
metal (gold in the SEM microscopy of samples taken during this work, reproduced in the 
Appendix) to have electric conductivity. A high energy beam of electrons is sent towards 
the impregnated sample and three kinds of signal are collected to study the structure and 
chemical composition of the sample: (1) secondary electrons that are used to create an 
image that gives information from the outer surface of the sample and hence topographic 
information; (2) back scattered electrons (BSE) which give information from depth within 
the sample. BSE also give information about chemical composition of the sample and 
information about pore structure; (3) X-rays from the bulk.
Porosity results obtained using this technique are in good agreement with those from 
methanol sorption. The main advantage of SEM is that it is not limited to the study of 
pore structure only. It also gives information about the morphology of the surface using 
the secondary electron and it gives information about chemical composition using the 
backscattered electron. This technique gives an idea about the pore shape as well as pore 
size distribution. Once again for this technique, sample preparation is a disadvantage. 
Sample must be dried under vacuum, impregnated in resin that fills the pores and polished 
on the surface. These three steps of sample preparation cause significant changes in 
sample structure. Using this technique needs special skills and it is time consuming and 
expensive. It is also mainly limited to 2 dimensional sections and it is difficult to have 
information on 3 dimensional features such as pore connectivity inside the sample. It is 
limited to the length scale greater than few hundreds of nanometres (500nm) with the 
optimum magnification of x400 [8]. There are other techniques of microscopies such as 
TEM (transmission electron microscopy), STEM (scanning transmission microscopy), 
AFM (atomic force microscopy) and etc. that have advantages and disadvantages 
compared to SEM but SEM is the most common type of microscopy used and applied on 
cement based materials.
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3.3.5 AC impedance spectroscopy
During normal drying, microstructure partly collapses as was found by Lawrence and co 
workers in 1978 during the study of sorption data using nitrogen and butane [33] [34] [35]. 
Therefore, to avoid having changes in pore structures caused by drying, AC impedance 
spectroscopy can be used based on the electrical properties of cement pastes. This 
technique is applied knowing that the solution inside the pores has high conductivity and 
cement paste (solid body) has low conductivity. This method was first introduced to use 
on cement materials by McCarter et al. and the results were shown in a graph of 
imaginary against real components of impedance where the real component increases 
with decrease in frequency [37]. Tamas et al. studied cement paste hydration from 
changes in AC conductivity at low frequencies [36] without having change in the 
structure of the sample or having influence on the paste hydration process. Water 
permeability and ion diffusivity can be determined assuming a geometrical factor and 
conductivity of pore solution. The result shows channels of connected pores across the 
system with thin parallel barriers blocking their path thought to be hydrate products. This 
technique also gives information on the thickness of the layers separating pores as well as 
the distribution of pore sizes.
3.3.6 Small-angle X-ray scattering and small-angle neutron scattering
This is another method to be applied to samples without needing special sample 
preparation or drying. Small-angle X-ray scattering (SAXS) is based on differences in 
electron density and gives information about the surfaces between different regions with 
significant different electron density. There are some studies on cement using this 
technique obtained by Winslow and Diamond [40] [41].
Small-angle neutron scattering (SANS) is used in a similar way but instead of electron 
density it is sensitive to concentrations of hydrogen atoms. Allen, Pearson and their co 
workers have studied this technique to see cement paste structure and estimate pore 
structure [42] [43]. The shape of the pores is considered to be spherical. If heating, usually 
105°C is applied to the sample, the porous structure is partially collapsed.
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3.3.7 Proton Nuclear Magnetic Resonance (NMR)
The whole work in this thesis is based on this technique. Due to the big contribution of 
NMR in this work, this section will be discussed separately in the next chapter. However, 
in this section a very brief discussion is given as an introduction.
NMR provides information on the distribution of nuclei for different atoms within the 
sample. For cement based materials, NMR provides information on distribution of ^H 
protons which means water molecules in different environments by applying various 
pulse sequences. By separating the NMR signal decay we are able to define different 
porosities (water molecule environments). Separating the signal intensity of NMR can be 
done by measuring NMR relaxation times for different environments. There are two 
major parameters in every NMR experiment known as the spin-spin relaxation time (Ti) 
and the spin-lattice relaxation time {T\). NMR also gives information on pore 
connectivity, pore shape and pore sizes. Various works have been done in this field and a 
detailed literature study has been discussed throughout this thesis. Based on the literature 
concerning cement we can detect four types of pores environments by using NMR 
techniques: (1) chemically combined (solid) water with Ti relaxation time of less than 10 
ps; (2) inter-layer water with T2 of 70-120 ps; (3) gel water with T2 of 0.4-1.0 ms; and (4) 
capillary water with T2 of 2-200 ms [112][113].
3.4 Models of porosity and sorption isotherm
As mentioned in the previous sections, measuring the sorption isotherm is one of the 
methods used to study the pore structure of a porous system. Having as much information 
as possible on the pore structure helps to understand more about the transport process in 
the porous media. The main aim of this work is to understand the transport process in 
cement pastes and mortars; therefore, it is necessary to have more information on the pore 
structure in such materials and one way of obtaining such information is to study the 
sorption isotherms of these materials. The sorption isotherm is used to study the sorption 
process which helps to understand the adsorbent structure as well. To be able to calculate 
permeability and diffusion coefficient in this work, the isotherm was used for both cement 
paste and mortar. In this section, a brief discussion on isotherms for cement paste and
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mortar is provided. To this extent, the adsorption equilibria information needs to be 
obtained to understand adsorption process and to understand how much of those 
components can be accommodated by a solid adsorbent. There are different theories on 
adsorption and some of the most popular for porous media, relevant to this work, will be 
discussed.
3.4.1 Langmuir model
The theory of adsorption of a molecular monolayer onto a flat surface was first defined by 
Langmuir in 1918. At equilibrium, the rate of adsorption and evaporation (desorption) of 
the molecules on the surface is zero. There are three assumptions in this model: (1) the 
surface is homogenous and the adsorption energy is constant across different regions; (2) 
adsorption is localised on surface; and (3) each site can accommodate only one molecule 
[45]. The Langmuir equation is given below:
b(T)P  
CP cVs l + b(T)P
where
b(P) =  Z?ooexpf _ Q _ }
\ R g T j
(3.6)
where is the concentration of the adsorbed phase, T  is temperature, Q is heat of 
adsorption, is the maximum adsorbed concentration corresponding to a complete 
monolayer coverage, P  is pressure and b is the affinity constant with 6% = 5.682 x 10"5 
(MT)"1/2 T o rf1 and Rg is the gas constant. A larger affinity constant b means that coverage 
of the adsorbate molecules on the surface increases as a result of the stronger affinity of 
adsorbate molecule towards the surface. Similarly, when Q increases, the amount of 
adsorption increases because the energy barrier is higher in this case and adsorbed 
molecules need to overcome this high energy to evaporate back to the gas phase.
A linear isotherm can be defined for a dilute system and then we can conclude that for an 
isotherm graph with steps, the system is more confined and the adsorbate molecule is not
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mobile anymore. Linearity of the isotherm in a dilute system can be explained as each 
adsorbed molecule acts independently from other adsorbed molecules; which is not the 
case in a confined system where molecules interact with each other and with their 
environment.
3.4.2 BET model
The BET theory was named after Brunauer et al. (1983) [29] for a flat surface without 
any curvature in the geometry of the surface. Unlike the Langmuir theory, in the BET 
model there is no limit in the number of layers accommodated on the surface. Let So, Si, 
S2 and Sn be the surface areas covered by no layer, one layer, and two layers up to n layers 
of adsorbate molecules, respectively. This is shown in Figure 3-2.
So . s, » s2 . 
4........#*4—"— Mi----- — ...."M
Figure 3-2: Multiple layering in BET theory, S, is the uncovered surface area. Reproduced from [45].
The first two assumptions made for Langmuir model (mentioned above) are true for BET 
theory as well and there is no interaction between the adsorbed molecules in different 
layers. BET equation can be written as [45]:
y AP
Vm (P0 -P ) [ l  + (A -l) (P /P 0]
(3.7)
where A is a constant, Vm is the volume of the adsorbed gas when the entire surface of the 
adsorbent is covered with a complete mono-molecular layer, V  is the total volume of gas 
adsorbed, P is vapour pressure and Pq is the saturation vapour pressure. A typical plot of
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the BET isotherm is shown in Figure 3-3. The greater the A  value, the sooner the 
multilayer forms. Therefore, the convexity of the plot towards the lower pressure 
increases.
An example of a BET isotherm is adsorption of nitrogen on iron crystals at -195°C (many 
solids show similar cases of this type of isotherm). In cement science, adsorption is 
usually limited to adsorption of gases or water vapour on solids. Adsorption can be 
divided in two types: (1) physical adsorption which occurs as a result of physical 
interaction between gas molecules and the molecules on the surface of the solid; and (2) 
chemical adsorption, which occurs as a result of chemical interaction between the 
adsorbate and adsorbent molecules. Physical adsorption is also known as van der Waals’ 
adsorption during which most of the forces involved in the process are van der Waals’ 
forces. Physical adsorption is reversible and non specific where as chemical adsorption is 
specific. In chemical adsorption, forces are strong enough to suggest full chemical 
bonding occurs and it is difficult to remove the molecules chemically adsorbed on the 
surface. It may cause chemical changes as well. In cement based materials, the physical 
adsorption is dominantly involved.
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Figure 3-3: Plots of the BET equation against pressure [45].
Although, the amount of adsorbed gas is no more than few molecules in multilayer 
structures, even this can cause a noticeable increase in vapour pressure. To study the 
sorption isotherm of a solid, the relationship between the amount of gas adsorbed and its
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pressure is monitored at constant temperature. The curve is known as sorption isotherm. 
In the case of cement based materials, an ‘’S” shaped isotherm characterises the results.
3.4.3 Van Genuchten model
Capillary pressure curve data can be calculated from the experimental water vapour 
sorption isotherm by using Kelvin’s law. A proper fitting of the capillary pressure curve 
can be obtained using the analytical formula proposed by van Genuchten [102]:
P C(S) = a(S~ llm  - l ) 1-m (3.8)
where a (the capillary modulus in MPa) and m are fitting parameters dependent on the 
pore structure of the material. S is liquid water saturation [101].
This model is also used for the permeability study discussed in this thesis. The model is 
used to fit the cement isotherm. Finding a and m parameters helps in further analysis of 
permeability explained in section 3.6.
3.5 Flow and diffusion
3.5.1 Fickian diffusion
Diffusion is the process by which matter is transported from one part of a system to 
another as a result of random molecular motion [15] whereas flow is the process in which 
matter transports within a system due to a pressure gradient. This transport occurs as a 
gradient in chemical potential, most commonly realised in materials diffusion as a 
gradient in concentration. Diffusion was first properly described by Adolf Pick in 1855
[15]. Diffusion occurs due to a completely random molecular motion. A mean squared 
distance in which a single molecule travels in a time interval can be calculated but it is not 
possible to predict in what direction this ‘molecular random walk’ would occur. The 
molecular transfer, in such systems, is from the region of high concentration to the region
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of lower concentration; although, the molecular motion of a particular molecule is 
completely random and has no specific direction (also known as Brownian motion).
In a porous material, molecular motion is through the pore networks. There is an 
interaction between the diffusing substance and pore framework when a molecule collides 
with the pore wall. Pore morphology and topology of the pore networks highly affect 
molecular diffusivity [13]. Pore shape is usually considered as sphere or cylinder to 
simplify the diffusion process. Two kinds of diffusion can be considered within porous 
samples, transport diffusion where diffusing substance diffuses from one end of the 
sample to the opposite end at non-equilibrium state (under influence of concentration 
gradient) and the self-diffusion at equilibrium state [14]. D  is the transport diffusion 
coefficient and A ^ /is  used for self-diffusion coefficient. Transport diffusion coefficient is 
defined by Pick’s first law and equation 3.9. Self-diffusion coefficient is defined by the 
mean square displacement of a random walker and equation 3.10 [14]. The mathematical 
theory of diffusion in isotropic substances is based on the hypothesis that the rate of 
transfer of diffusing substance through unit area of a section is proportional to the 
concentration gradient measured normal to the section and given by the equation 3.9. It 
was first recognized by Pick [15], that:
where J  is the rate of transfer per unit area of section, c is the concentration of diffusing 
substance, % is the space coordinate measured normal to the section, and D  is transport 
diffusion coefficient.
where t is time of displacement , A?// is self diffusion coefficient and d  is the
dimensionality of the pore, so that in a 3-dimensional system we will have:
(3.10)
(3.11)
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Under the condition of Knudsen diffusion, these two diffusion coefficients will coincide
[16]. Knudsen diffusion is when the mean path length between molecular collisions is of 
the same order as the pore size. The roughness degree of the pore surface affects the
diffusion coefficients for both transport and self-diffusion as is shown using Evans
method [17] [18]. It means that; although, the transport and self-diffusion take place by 
microscopic principles but the diffusion coefficient of transport and self-diffusion are 
different [19].
Transport diffusion coefficient is a function of concentration in systems such as high 
molecular weight polymers and cements whereas in dilute solutions it can be considered 
as a constant.
In any kind of medium, the amount of matter that diffuses into a unit region per unit time 
minus the amount of matter that diffuses out per unit time is equal to change in 
concentration of that substance per unit time. This is given in equation 3.12 for a planar 
region in the y-z plane as:
Jx+8x (3.12)
By combining equations 3.9 and 3.12 we can derive equation 3.13.
! =IHE (3-i3)
If the transport diffusion coefficient is not a function of time (or position, it is a constant) 
equation 3.13 is rewritten as equation 3.14.
dx 2 y
(3.14)
3.5.2 Anisotropic system
In an anisotropic media, different diffusion properties can be defined in different 
directions. This is the case of materials in which the molecules of diffusing substance has 
a preferred direction of transport. The equation is given as below [15]:
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(3.15)
where D n , D22 and D33 are the diffusion coefficient for transfer in x, y  and z directions 
due to the concentration gradients that same direction. Dpq are the diffusion coefficient 
values where p  and q can be 1, 2 or 3 with concentration gradients in p  direction (p can be 
1, 2, 3 corresponds to x, y  or z) causing transport in another direction, q, (not the same as 
direction as p). More explanation of anisotropic diffusion can be found in the results 
section, chapter 8.
3.5.3 Boltzmann's transformation
In many systems including cements and mortars, diffusion depends on the concentration 
of diffusing substance. Boltzmann’s transformation is one of the algebraic solutions that 
can be used by applying special boundary conditions to find this concentration 
dependence. The one dimensional diffusion in which the diffusion coefficient is a 
function of concentration can be expressed in an equation as below:
(3.16)
Boltzmann showed that c(x, t) may be rewritten in terms of a variable rj [15]:
x
(3.17)
Therefore, we can express two equations below:
dc _  1 dc
dx 2f1/ 2 drj (3.18)
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And also for time dependent concentration:
d c = __________
dt 4 f3/2 drj
x dc
(3.19)
Combining the last four equations we obtain the final equation as:
drj drj (3.20)
The Boltzmann’s transformation can only be applied on infinite or semi-infinite systems 
in which the initial concentration is constant or zero. There are also numerical methods to 
solve the diffusion equation. One was suggested by Crank and Henry based on iterative 
quadrature [48] [49].
3.6 Permeability to fluid
The permeability of porous materials such as cement and concrete is one of the most 
important factors affecting their durability. Permeability characterises the material from 
the perspective of fluid flow through it in response to a pressure gradient [12].
At the stage of steady Darcian flow, the permeability value is given by Darcy’s equation 
[8]:
(3.21)
dt L
where dq/àt is the rate of flow (m3/s), A  is the sample cross section area (m2), Ah is the 
head of water (m), L  is the thickness of sample (m) and k is the coefficient of water 
permeability (m/s). From the Darcy’s equation intrinsic permeability can be calculated as 
below:
k - i £  <m2>
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where K  is intrinsic permeability (m2), Q is fluid flow rate (m3/s), [i is dynamic viscosity 
(kg/ms), A  is cross section area (m2) and P  is pressure (kg/ms2). Intrinsic permeability 
depends on porosity, properties of the material and other properties of the pore system 
such as pore size distribution, continuity of the pore network, the viscosity of the fluid 
used and the temperature. Knowing that K  = kju leads to the information that intrinsic 
permeability, K, is a material property independent of the fluid. According to Powers et 
al. the water permeability value of the cement gel is 7 x  10"16 m/s which converts to an 
intrinsic permeability of 2 x 10"13 to 6 x 10'19 m2 [20] [146]. They assumed that the 
capillary pores within the cement paste are initially continuous and connected but after a 
certain hydration time they become isolated cavities. Permeability depends on the volume 
and connectivity of the larger pores. Finally Verbeck and Helmuth showed that 
permeability is directly related to the capillary porosity [21]. Gel porosity has a negligible 
effect on permeability and the capillary porosity has the most effect on permeability. 
Regarding cement pastes and concretes, very accurate results of intrinsic permeability are 
not obtained unless the sample has been vacuum saturated for a long time. However, even 
under this condition, due to the fact that water is used for hydration process, equilibrium 
flow used to determine Darcy’s law may not occur. Other techniques can be employed, 
such as beam bending but no consistent results across multiple studies have been 
reported. In particular there are large discrepancies between oxygen and water 
permeability results.
3.7 Relative permeability of gas and liquid water phases
In this section the theory behind the analysis explained in chapter 6 is described. Analyses 
are based on a theory of nonlinear poroelasticity by Coussy and modified Darcy’s law as 
introduced by Baroghel-Bouny and co-workers [98] [99] [100],
A schematic representation of the elements of this model is shown in Figure 3-4. There 
are two types of transport: liquid phase transport and gas phase transport.
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Figure 3-4: Schematic view of the Baroghel-Bouny model [101] used in this work.
The transport of the liquid phase /, which is a mixture of liquid water w and ions i (the 
effect of ions is neglected in this work to simplify the model), and that of the gas g, which 
is the mixture of water vapour v and dry air a, is assumed to be governed by extended 
Darcy’s law. The one-dimensional Darcy equations for each of gas and liquid phases are 
given:
v n = —
K_
dx
V1 = -  —  k r l ( S ) ^ L TJi dx
(3.23)
(3.24)
where K  is the intrinsic permeability (m2) that is the property of the material and it is 
independent of the degree of liquid saturation S. S is the amount of liquid water as 
fraction of maximum amount so that 0 < S < 1, v is the Darcy’s velocity for gas (vy,) and 
liquid (v/) with units m/s. P is the total pressure for gas (P8) and liquid (Pz) in units of Pa. 
rj is the dynamic viscosity for gas (r/g) and liquid (///) with units Pa.s and kr is the relative 
permeability for gas (krg) and liquid (&,/) and is dimensionless. The parameters are all 
associated with phase g or / standing for gas and liquid.
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In [101] they consider coupled moisture-ion transport in isothermal conditions in cement 
based materials. A multispecies transport model based on the combination of liquid- 
water, water vapour and ionic transports is presented in [101] and it is described by the 
extended Nemst-Planck equation that accounts for electro-diffusion of ions and advection 
of the liquid phase. In this work we assume there are no ions involved in the transport 
process to simplify the Baroghel-Bouny’s model. Therefore, there is no interdiffusion of 
water and ions (diffusive water flux, Jw= 0 ,w  = I).
The moisture transport process includes the relative Fickian diffusion of water vapour and 
dry air within the gas mixture, as well as the movement of the liquid phase according to 
extended Darcy’s law. The interdiffiision equations for air (a) and vapour (v) in 1 
dimension can be written as follows:
(3.25)
(3.26)
where J  is flux with units mol/m2s and P, is the partial pressure in units of Pa of 
constituent i = v or a in the gas g. R  is the ideal gas constant (8.314 J/molK), Patm, is the 
atmospheric pressure in units of Pa. T  is the absolute temperature with units K. f(0,S) is 
the resistance factor which accounts for both the tortuosity of the pore structure and the 
reduction of space offered to gas diffusion in a partially saturated porous medium 
compared to free diffusion in the air and D v0 is the free water vapour diffusion coefficient 
in the free air (2.47x10"5 m2/s between T = 2 0  and 25°C). The expression of the resistance 
factor,/ (  $5), is given by Millington and Shearer [104]:
/ ( 0 ,5 )  = 0 ^ ( l -5 )^  (3.27)
where x and y  are fit parameters. This resistance factor is involved in the Pick’s first law.
Hence, the mathematical description of the total mass transport process of each phase can 
be written as:
Jv = ~
J a  =  -
R T dx p g
RT dx p
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W a - V g c a + J a
wv = v g c v + J  v (3.28)
Ww = v i c w
where wa, wv and ww denote the total flux for air, water vapour and liquid water 
respectively with units mol/m2s. ca, cv and cw are the concentration of air, water vapour 
and liquid water respectively in units of mol/m3 and Ja and Jv are the diffusive molar flux 
of air and water vapour respectively.
The water vapour, v and the dry air, a, are assumed as ideal gases. The gas, g is the 
mixture of dry air, a and water vapour, v, and it is an ideal gas. Therefore, according to 
Dalton’s law, gas pressure Pg = Pv + Pa. The liquid pressure is governed by the capillary 
pressure curve equation Pc = PC(S), where Pc is the capillary pressure in units of Pa. The 
state equations can be written as:
P c - P g - P l - P c ( S )  (3 29)
PVM V = R T pv and PaM a = R T pa
where Ma and Mv are molar masses of dry air and water vapour respectively, R is the ideal 
gas constant (8.314 J/molK), Pi is the density of constituent i = v or a m  unit kg/m3 and T  
is temperature in units of Kelvin.
In the experiment presented in this work, the timescale is long (more than 200 days). 
Therefore, the gas pressure is constant throughout the sample and it is assumed to be 1 
atm. Hence, equation 3.29 can be rewritten as:
(3.30)
Pi Pc Ratm
And from 3.30 we can conclude that:
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d P l _ - d P c (3.31)
dx dx
At thermodynamic equilibrium, the chemical potential of water in both of the vapour 
phase and the liquid phase is equal and at atmospheric pressure extended Kelvin’s law 
[1051 can be written as:
where hr is the relative humidity, in the range of 0 to I, pw is liquid water density (kg/m3) 
and aw is the chemical activity of liquid water in the solution which is equal to 1 as we 
consider no ions in the model. Having aw = \  leads to \naw = 0. Therefore, equation 3.32 
can be re-written as:
On the other hand, capillary pressure curve data can be calculated from experimental 
water vapour sorption isotherm by using Kelvin’s law and a proper fitting of the capillary 
pressure curve can be obtained from analytical formula proposed by van Genuchten
Pc = ^ r L RT<\nhr - \ n a w)
(3.32)
w
[102]:
Pc (S) = a(S~ l l m -V ) 1' ”1 (3.34)
where a and m are fit parameters.
By combining equations 3.33 and 3.34 we obtain:
(3.35)
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This links the relative humidity to liquid saturation and the sorption isotherm used in this 
model is fitted to this equation.
3.7.1 GARField data analysis using Baroghel-Bouny model
In this work, we use NMR GARField to measure the dynamic equilibrium water 
concentration profile in a sample exposed to a relative humidity gradient. Hence, we
measure SeqU{x) under conditions that = 0 .
dx
By combining equations 3.31 and 3.34 we obtain the equations below: 
dPi - d p c
dx dx
= - ^  L(S-17 m -  l)1-m —  L S "I / ™ _ yl-m j (3-36)
dx dx dS
dS a(l -  m) 1 1
dx m {S~^lm — l)m
where is the gradient of the concentration profiles measured in the NMR GARField 
ox
experiments.
The relative permeability for liquid water and gas are assumed to be given by [98] [101]:
fcrZ(S) = V s ( l - ( l - S 1/m)m)2 (3.37)
k rg(S) = J Ï ^ S ( \ - S 1,m)2m (3.38)
Combining the equations 3.23, 3.24, 3.36 and 3.37 we obtain the equation below in which 
dS . .
—  is given by GARField profile: 
dx
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In the capillary pressure equation 3.33, hr is the relative humidity and it is equal to 
Pv/Pvsat, where Pvsat is the saturated vapour pressure of pure water at the considered 
temperature T  (Pa). This vapour pressure can be derived as:
Hence mass balance equations for water vapour v and liquid water / are written as well as 
the one for dry air a:
where (ph the total porosity. In equation 3.41, <pS= q>i and <p(l-S) = (pg represent the ratios 
of the material volume occupied by liquid, I, and gas, g, respectively.
At dynamic equilibrium S, liquid saturation, does not change with time therefore the left 
sides of equation 3.41 is equal to 0. Also because we assume there are no ions involved in 
the system, Jw = 0. We solve the top equation only for water vapour and therefore:
(3.40)
c w + 9 Q - S ) - ^ )  - - — ^ i c w + J w + vgcv + / v} 
o t  M v OX 6 (3.41)
(3.42)
At dynamic equilibrium, we assume that there is no Darcy flow of gas (there is a very 
small flow to balance loss from the water bath of the experiment, but it is negligible) and
vg =  o.
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By replacing equations 3.24 and 3.25 in 3.43 we obtain:
b p i
dx
0  -  i  k rl(S)-zr-Lcw +  — v
RT dx
(3.44)
And finally we can derive equation 3.45.
dx dx 1 TJi•—-<!------ k r i ( S ) - ^ c w + - ~ r f ( 0 ’S)  vdS RT dS
(3.45)
By integrating both sides of the equation 3.45 once we obtain equation 3.46.
Constant = Flux = / 0 = ^ - \ ^ — k rl ( S ) ^ p - c w + 5 v 0  (3.46)
dx I rjl ds
Equation 3.46 is rewritten as:
dS =
Jftdx
Vl ds RT j
(3.47)
Having the x values in the profile and the saturation at one boundary, the values of 
saturation are calculated and the profile is built by equation 3.47.
with:
Patm a -if', -1 /m
^ = ^ - e x psa t I M  wci
p wRT
m s ) = p x ( \ s ) y
-if', -1 /m
krl (S) — S 1/2 l - ( l - 5 1/m)mf
(3.48)
(3.49)
(3.50)
(3.51)
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k rg(S) = { \ ^ S ) l l 2 ( \ - S l lm ) 2m 
where K, cw, Dv0, rj, R  and T  are constants as described earlier in this section.
(3.52)
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Chapter 4
4. NMR theory
4.1 Overview
In this chapter, the basic principles and techniques of NMR/MRI will be outlined. This 
chapter presents only those methods that are necessary and relevant to the work of this 
thesis. Further details of more advanced topics can be found in [52] [54] [56] [57] [75].
4.2 NMR theory and basics
NMR has been used widely as a non-destructive analytical technique for structural 
analysis of materials especially porous materials which is the interest of this work. 
Previously it was mainly associated with the study of molecular structure in chemistry 
while recently, more medical appliances use NMR techniques especially in the field o f 
imaging. NMR is a method to probe molecular properties by applying magnetic field and 
radio frequency (r.f.) irradiation on atomic nuclei.
Atomic nuclei have a magnetic dipole moment proportional to the angular momentum. 
The constant of proportionality is known as the gyromagnetic ratio, y [53] [57].
Bulk nucleus magnetization, M, is the sum of the magnetic moments of all nuclei in  a 
sample, //. At equilibrium, M  aligns with B0 which defines the z-axis. If M  is tipped aw ay 
from Bo then it precesses around Bo at Larmor frequency:
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COq -  - )B q (4.1)
where y is the gyromagnetic ratio for a given nucleus.
We can tip the magnetization by applying a small r.f. magnetic field, at co0 frequency
perpendicular to B q. This is schematically shown in Figure 4-1.
a)
x
c)
y
Figure 4-1: a) Schematic view of the precession of a magnetic moment, //, about a fixed magnetic field B0 at a>0 in 
laboratory frame (xyz). b) Bulk magnetisation M is sum over all // shown parallel to B0in equilibrium, c) M 
precessing around r.f. pulse in rotating frame (x'y' z') rotating about B0 at co0. B1 is caused by applying the r.f. 
pulses, d) Dephasing and precession of M=Yj* after pulse in (xyz)  frame (T2 relaxation), e) Return of M = Jjt
to equilibrium (Tx relaxation).
The magnetic interaction between the magnetic dipole and the magnetic field is known as 
the Zeeman interaction [57]. The energy of a magnetic moment in a magnetic field is
E = - f i B .  In the classical case with the magnetic field applied in the z direction, the 
energy of a magnetic moment becomes:
E = - M zBq (4.2)
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In quantum mechanics // is proportional to the angular momentum which is described by 
the quantum number I  or “spin”. The z component of fi is given by:
t*z = f l I 2 (4.3)
so that:
(4.4)
where, for example, for 1H, I  = 1/2 so that l z = ±1/2. This gives two energy levels called 
the Zeeman levels with energies E +u 2  =-')foB0 \/2  and E_ l / 2  = fiB^  1/2. Whatever 
the quantum number, /, the energy separation between adjacent levels is always AE  = 
ffiBo. The energy levels are shown for I  = 1/2 in Figure 4-2.
Energy ▲
No m agnetic  field
Applied m agnetic  field
- 1/2
+ 1/2
Figure 4-2: Energy level diagram for spin J = 1/2 nuclei such as in a magnetic field. The energy level
separation is AE=yhB0.
In the classical picture, as said above, the model is precessing with:
û)q = -yBç (4.5)
In the quantum mechanical picture, there are transitions between the Zeeman levels 
involving photons of frequency:
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AE n
0)q -  —— -  jB q (4.6)
n
It is seen that the classical description and the quantum description involve the same basic 
frequency. œ 0 is known as the Larmor frequency.
Often the spin quantum number itself is referred to as spin. For instance 1H, 13C, 29Si and 
31P are spin +1/2 nuclei with I  = 1/2, while 2H, and 6Li are spin +1 nuclei with 1=  1. /  is 
the angular momentum in units of h, which is Planck’s constant / 2n  [54].
By applying an r.f. pulse B\ and picturing this in a reference frame rotating about B0 at 
the Larmor frequency, M  precesses around B\  and moves from equilibrium to the x-y 
plane. Now by switching off the r.f. magnetic field, Z?i, M 0 precesses in the plane and this 
precession generates current in the NMR coil and the NMR signal is produced.
Considering M  = Yj* and knowing that each ^  sees a slightly different magnetic field due 
to: (1) internal interactions between the spins; and (2) external magnetic field 
inhomogeneity, the magnetic moments dephase in the jc-y plane during the precession.
The time constant T2 describes the lifetime of the coherence of the precessing transverse 
magnetization. This relaxation time is called the transverse or spin-spin relaxation time. 
In this process nuclear spins come to the thermal equilibrium between themselves. T2 
values are in range of 10 ps to 10 s. The spin-spin relaxation process is generally 
exponential. The equation to calculate T2 is given by:
d M x,y = _ M X, y
dt T2
with solution:
^  x, y (0  = M  ;  y (0) exp(- f/72 ) (4.8)
The NMR signal, MXfy(t), following an excitation pulse is called the Free Induction Decay 
or FID. The magnet used in NMR measurements is manufactured in such a way that it 
generates a homogenous magnetic field across the sample space and shim coils are
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applied for fine corrections. However, this is an ideal case and in all real systems
magnetic field inhomogeneity leads to a broadening of few Hz (i.e. in the !H NMR
spectrum) caused by variation in B0 across the sample. This broadening causes loss of 
resolution in NMR microscopy. This additional broadening also results in accelerated 
decay of the magnetisation. The time constant of the actual decay, caused by field 
imperfection and inter-nuclear interactions, is labelled as r 2*. The observed T2 called T2* 
is given by equation 4.9 from [ 140] :
- L  = _ L  1
rp* rpAB rptme (4.9)
1 2 1 1 2
T2 is the time length of a detectable NMR precession signal. It is important to recognise 
the difference between inhomogeneous and homogeneous broadening of the NMR 
spectral line. Coherence loss due to true relaxation is intrinsically random and irreversible 
whereas that caused by field inhomogeneity is ordered and reversible [57].
The nuclei also need to exchange energy with their molecular environment and return to 
thermal equilibrium with the lattice in which they are embedded. This is spin-lattice or 
longitudinal relaxation characterised by a relaxation time T\. It is an exponential recovery 
of M z towards alignment with B0. At room temperature T\ is typically in range of 0.1 to 
10 seconds for protons [57]. T\ can be calculated from:
dM z _  (M z - M 0) 
dt ~~ Tx (4.10)
with solution as below and T\ can be substituted:
M z {t)= M z (0) exp(- t/Tx ) + M 0 (1 -  exp(-f/7] )) (4.11)
It takes much longer for the system to equilibrate with its surrounding than the spins 
equilibrate among themselves, also energy exchange with the system and lattice may 
affect the energy exchange in spin-spin interaction; therefore, T2 < Ti. Tx is long in both 
solids and bulk liquids but has a minimum when the molecular mobility correlation time, 
t c, is approximately I/cuq.
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We can conclude that the following relationship between relaxation times is always true 
and it is as 7i > > T2 and the qualitative dependence of the longitudinal and transverse
relaxation times on the molecular correlation time is given in [59]. Figure 4-3 shows a 
theoretical plot of Ti and T2 for bulk materials as a function of NMR frequency according 
to the Bloembergen, Purcell and Pound (BPP) model of relaxation.
kT
  1 MHz
 10 MHz
—  100 MHz
Figure 4-3: *H and T2 relaxation times as a function of correlation time, rc, of molecular motions according to 
the Bloembergen, Purcell and Pound (BPP) theory (Reproduced from [59]) for NMR frequencies of 1,10 and 
100 MHz. The inter-nuclear distance r is set to 0.15 nm. In each case, Ti goes through a minimum with increasing 
correlation time whereas T2, which initially equals 7\, decreases monotonically down to the rigid lattice limit, set 
here to 10 ps. The correlation time for bulk water is a few picoseconds leading to of the order of a few seconds,
as observed experimentally [140].
The transverse relaxation time, T2, limits the time available for manipulating the 
precession phases of nuclear spins using magnetic field gradients in imaging and 
diffusion experiments. In some experiments the magnetisation can be stored along the z- 
direction in which case the limiting time is Ti.
4.3 NMR techniques
4.3.1 Free Induction Decay
By applying a 90° pulse of Bi irradiation the magnetization, M, rotates through 90° about 
Bi in the rotating frame, Figure 4-4 (b). It decays in the x-y plane (perpendicular to Bo)
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after the pulse. Magnetic moments, fi, dephase and M  decreases in the Jtr-y plane, Figure 4- 
4 (c). This can be seen as a decay in Figure 4-4 (a). More information can be found in 
[140]. The resulting signal is called as FID. On resonance, it is an exponential decay. It is 
shown slightly off resonance in Figure 4-4 (a) so that the exponential is multiplied by a 
cosine waveform. This is how it most commonly appears on the spectrometer screen. The 
FID sequence is used to tune the spectrometer.
a)
time
Figure 4-4: a) Pulse sequence of FID and time constant r 2\  b) The 90° r.f. pulse rotates the magnetization by 90° 
angle onto the x-y plane and c) the transverse magnetization decays out in the x-y plane with time 7’2*.
4.3.2 Hahn spin echo
As mentioned in the previous section, the inhomogeneity of the magnetic field causes 
nuclei to process at different frequencies according to their location. This can cause 
inhomogeneity across the sample and therefore, a dephasing of transverse magnetization 
following the 90° pulse. Transverse magnetization phase coherence lasts for a very short 
time proportional to (yzfBo)"1 where ABq is a measure of the field inhomogeneity. Hahn 
found that the loss of phase coherence in this case can be reversed by applying the 2nd r.f. 
pulse (180° pulse) after time t  [60]. At time 2r, the magnetization component in x-y plane 
will be refocused and the spin echo appears at this time. The schematic view of the pulse 
sequence is shown in Figure 4-5.
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1 8 0 ,
echo
centre
time
2 t
A
Figure 4-5: Hahn spin echo pulse sequence and trajectories.
The amplitude of the Hahn echo {MH) as a function of echo time is given below [54]:
2?
M H (2t) = M 0  ex p (-— ) (4.12)
2
The amplitude of the echo is a function of gap (time) between the 90° and 180° pulses and 
indirectly, it is a function of T2 relaxation time of the materials. It provides a means to 
measure the true sample T2 relaxation time. The Hahn spin echo is a pre-cursor to the 
CPMG explained in the next section. It is also the foundation of the self-diffusion 
experiment discussed in section 4.5.1.
4.3.3 Carr Purcell Meiboom Gill
The phase coherence recovered in the nuclear spin echo is subsequently lost for times 
bigger than 2 t . T o overcome this issue a train of additional 180° r.f. pulses is used as 
suggested by Carr and Purcell in 1954 . The 180° pulses can be shifted in phase. The phase 
shift makes the 180° pulses to be tt/ 2  different in phase compared to the first 9 0 °  pulse to 
make echoes all positive and they may be alternately ± tt/2  to avoid the cumulative effects 
of small turn angle errors. The echoes are produced after every 180° pulses and due to the 
time and the magnetization decay with time, echo maxima decay with time. This phase
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shift is suggested by Meiboom and Gill [61] [62]. The Carr-Purcell-Meiboom-Gill 
(CPMG) pulse sequence is shown schematically in Figure 4-6.
The envelope of the echoes in a CPMG sequence is determined by T2 relaxation time. 
More information can be found in [140]. The signal amplitude is given in equation 4.13.
M(2nT) = M 0  exp(- I n r f c )  (4.13)
This is the most common way to measure T2 relaxation time and was the method used in 
this work.
90* 180y 180y 1 80y 1 80y
—►
time
Figure 4-6: The CPMG pulse sequence.
4.3.4 Inversion recovery
This method is used to measure T\ relaxation time and it is also used to suppress 
unwanted signals. The pulse sequence is shown below. The 180° r.f. pulse disturbs the 
magnetization from equilibrium and inverts it along the z-axis. After this inversion, the 
spin-lattice relaxation starts. The pulse is followed by the 90° after time t  to rotate the 
recovered magnetization by 90° angle. The signal amplitude is given by equation 4.14. 
More explanation can be found in [140].
M  ( t )  = M 0 [l -  2exp(- r /7 i )] (4.14)
\
r : i r ~ : i r z r xIf -  V 1
0  T \ II 3 t ^  5 t  7 t
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180* 90*
0
timej  Inversion time 
/
j Invisible recovery
/
i
i
Figure 4-7: Inversion recovery pulse sequence, grey arrow is the magnetization prior to the applied r.f. pulse and 
black arrow is the magnetization after disturbance of the r.f. pulse.
The pulse sequence is shown schematically in Figure 4-7. An alternate sequence uses two 
90° pulses in which caseM  (r) = M q [l — exp(— t/T i )]. In general, to account for pulses 
errors M (r) = M 0 [l - tifex p (- r/7 \)] where « is a constant of the order of 1 to 2.
4.4 NMR imaging theory and use of gradient coils
NMR imaging is capable of producing images of arbitrarily oriented slices through non­
transparent objects [54]. To have spatial resolution in imaging, magnetic field gradients 
are used. A constant gradient means that the magnetic field varies linearly with position. 
In the case of using magnetic field gradients, the Larmor frequency is space-dependent 
and varies with position in a sample. Figure 4-8 shows a schematic diagram of the 
principles of NMR imaging.
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a)
B
b) Y
lgx=dBz/dx
□ o
-X
I
d)
I
Figure 4-8: (a) The magnetic field varies linearly across the sample by application of a field gradient gx in x 
direction, (b) Sample shapes in the two-dimensional x-y plane, (c) The FID recorded in presence of the gradient, 
(d) The NMR spectrum acquired in the presence of a magnetic field gradient provides the projection of the 
sample. The signal amplitude is proportional to the number of nuclear spins at a given value of the magnetic
field [54].
Magnetic field gradients are produced by a separate set of current carrying coils that 
cause the magnetic field to be linearly increasing. The gradient is added to the static 
homogeneous magnetic field B0 and the time dependent magnetic field, B u produced by 
r.f. pulses. With r  as a space vector with components x, y and z, we then have:
B = B0  +Bi + g rr (4.15)
The gradient produces a small additional field. Therefore, the Larmor frequency is 
affected by this additional field so that:
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w(r) = 7Bo + 7g-r (4.16)
where r is the nuclear spin coordinates and g  is the grad of the pulsed gradient field. This 
simple linear relationship in the rotating frame is the main principle of imaging.
The signal recorded in the presence of a gradient is:
S(t) = lp(r)ex$[iygrt\dr
In the rotating (detection) frame where p(r) is the nuclear density (profile) in direction r. 
p(r) is recovered by Fourier transform of M(t). The gradient can be applied and the signal 
recorded during a Hahn echo experiment. By recording the echo at different times, the 
profile is weighted by T2 . Only long T2 nuclei with T2 ^  2r contribute to the profile. It can 
also be included with an inversion experiment in which case the profile is Ti weighted.
This basic experiment underlies NMR imaging but was not actually used in this work. 
Rather variants of it were used. These are best understood through the k-space 
description.
4.4.1 Tf-space
More generally the signal can be recorded as a function of time in constant gradient or at 
a given time as a function of gradient strength. The former is called frequency encoding 
and the latter is phase encoding. For frequency encoding the NMR signal amplitude is 
given as:
S(t) = \p(r)Qxv[i'}grt]dr ^  ^
where p{r) is the local spin density and g is the gradient strength. For phase encoding 
equation 4.18 can be rewritten as:
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S(g)  = \ p(r)Qxv[iygrz]dr (4.19)r
By introducing the concept of a reciprocal space vector, introduced by Mansfield et a l  
[63] [64] [65] [66], this is more obvious, k  is given as:
The k  vector has a magnitude in units of reciprocal space, m"1. Using the concept of the 
Fourier transform and its inverse, we then have:
4.4.2 Single Point Imaging
SPI methods have been established to be a useful method for short relaxation time 
systems. It is a pure phase-encode imaging technique. Images generated using methods 
based on SPI are free from artifacts due to B0 inhomogeneity, chemical shift and 
susceptibility variations [72]. In this method r.f. pulses are applied in the presence of 
phase encode gradient and a single point is acquired during the FED at the encoding time
[73]. The best quality is obtained only when acquiring one Espace point for each gradient 
switch on and off, which is inefficient. If the acquisition rate is increased, the gradient 
switching rate will be increased and this results in large eddy currents which corrupt the 
field linearity. For this reason SPI techniques are not fast and efficient. There are some 
improvements that can be done with this technique which are discussed in the next 
subsection. A related technique is spin echo single point imaging (SE-SPI) which has a 
good signal to noise ratio (SNR) because of the narrow signal bandwidth. SPI is the 
method used for cement based materials because of their short relaxation times. However, 
the measurement time (which is long in SPI) is also very crucial for cement to avoid 
drying or continued hydration process which changes the structure of these materials.
(4.20)
S(k)  = j  p (r)  exp[i27tkr]dr (4.21)
p(r)  = j  S(k)exp[-i27tkr]dk (4.22)
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All SPI sequences rely on non-selective broadband r.f. pulses. To have a homogeneous 
excitation of the spins in the sample, the duration of the pulses is limited by the maximum 
spectral width of the object which is gmsyi multiplied by the sample length [73]. This 
means that small flip angles must be used. Greater signal averaging is required to increase 
the SNR. This does not affect systems with short longitudinal relaxation times T\. For 
materials with long relaxation time (Ti), it causes long acquisition times or low image 
quality.
The signal intensity from any point in the image for an SPI experiment is related to local 
proton density, p, assuming that transverse magnetization is dephased prior to r.f. 
excitation according to [75]:
S = /?exp
V
X
2J
\ - qxp( -T r IT]) 
_ l-c o s< 9 e x p (-7 ^ /n )
sin# (4.23)
where tp is a fixed encoding time after the r.f. pulse, 0 is the r.f. flip angle and TR is 
repetition time.
A schematic view of SPI pulse sequence is shown in Figure 4-9 [75]:
RF
Figure 4-9: SPI pulse sequence in one dimension. A single point is acquired at each gradient value, reproduced
from [75].
Single point imaging can be experimentally inefficient. A better version is single point 
ramped imaging with T\ enhancement.
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4.4.3 Single Point Ramped Imaging with 7i Enhancement
SPRITE is a technique developed to overcome imperfections of the SPI technique. This 
technique requires short encoding times with high magnetic field gradients and low flip 
angle r.f. pulses. This leads to optimum S/N  images especially at low static field strength
[74]. SPRITE is a phase-encode technique. Image acquisition is at greater speed with 
minimal magnetic field eddy current distortion. In this technique Ti contrast is introduced 
because of partial saturation of magnetization components. The spin-lattice relaxation 
times for these components are longer than the gradient switching time [75].
In SPRITE, gradients are not switched on and off for each acquisition. Rather, the 
gradient is ramped in discrete steps. An r.f. pulse is applied to collect a single data point 
at each gradient step. In the work here, the step length is less than 5 ms for each of 64 
gradient steps to avoid exceeding the duty cycle restriction of the gradient amplifiers. A 
schematic diagram of the SPRITE pulse sequence is shown below [75].
*P
RF Phht-hH-H-h-H-f-hH-
Figure 4-10: SPRITE pulse sequence, one gradient stepped (16 steps in here) with an r.f. pulse applied at each
step, reproduced from [75].
This method was used to acquire the ID profiles of wetting/drying mortar sample using 
Gz only presented in chapter 7.
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4.4.4 Selective excitation and GARField
Selective excitation occurs by manipulating the NMR signal within restricted frequency 
regions of magnetization response. This happens in the case of applying very strong 
magnetic field gradients. Figure 4-11 illustrates the selective excitation of magnetization. 
This is a useful spectroscopy technique as it selects spectral regions of interest and 
suppress unwanted signals [79] [80]. Its main use in NMR imaging is for slice selection 
[81][82].
a) Bi
0
Figure 4-11: Selective excitation of magnetization from a slice of a sample, a) Radio frequency magnetic field 
and magnetic field along the z axis of the rotating frame as functions of frequency,/, in rotating frame, b) 
Localization of the transverse magnetization after excitation of the object with a selective pulse in the presence of
a gradient field g,.
The magnetic field depends linearly on the space coordinate, %, and it is generated by 
applying the magnetic field gradient, gx. The NMR frequency is proportional to the space 
coordinate along the gradient direction. A slice of transverse magnetization perpendicular 
to the gradient direction can be excited when starting from z magnetization at equilibrium 
by restricting the bandwidth of the response to the frequency window centred at co\ = cuo 
o r /=  0. The width A f  o f this window determines the thickness A x  of the slice [54] [83]. If 
the gradient is sufficiently strong such that the spread of frequencies from one end of the 
sample {A f = jlgllic) is greater than <S/= Vntp of the applied r.f. pulse, the pulse excites
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only a slice of the sample. This is the basis of GARField measurements that are used in 
chapter 6 . More detailes of the method are in chapter 5.
4.5 Diffusometry
4.5.1 Pulsed field gradient diffusometry
PFG diffusometry or q-space microscopy NMR is a widely applied technique to study 
water dynamics in porous media. In PFG NMR, narrow gradient pulses of strength g and 
width 8 separated by an interval A  are inserted into the dephasing and rephasing intervals 
of an echo sequence [54]. The first gradient pulse dephases the magnetization by an angle 
0 % dependent on the location of the nuclei, such that:
8
& \(r) = y\$(t)-T{t)d t (4.24)
0
The second gradient pulse rephases the magnetisation through an angle 0 2 according to:
A+Ô
# 2 (r) = - y  Jg(0-r(0*fr (4.25)
A
If the nuclei do not move during the time interval A, then 0 totai = 0% + 0 2 = 0 and the 
gradients have no effect. If the nuclei are flowing, then there is a resultant phase shift of
the echo signal. If the nuclei are diffusing randomly then the echo is attenuated such that
where y is the gyromagnetic ratio for the relevant nuclei, g is the gradient strength. 
Diffusion coefficient for unrestricted diffusion can be calculated from the plot of log(£) 
against y2 g182 (A - 8I2>).
This is the famous Stejskal-Tanner result [123]. The two most commonly used pulse 
sequences are shown in Figure 4-12 with a schematic of the nuclear precessions. The
(4.26)
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stimulated echo version is used to increase A when Tx »  T2. In bulk liquids, the method
is used to measure the self diffusion coefficient, Dseif  = - —-  where ( r 2) is the mean
6A ' •
square molecular displacement.
Echo
Figure 4-12: PFG NMR, (a) Hahn echo pulse sequence and how the gradient pulses affect the magnetization 
during diffusion time, A, and initial position rj and final position r2 of magnetization is labelled in the bottom 
part to show magnetization migration and changes in phase (b) Stimulated echo pulse sequence for slower
processes.
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Two dimensional diffusometry can be achieved by adding the second pair of gradient 
pulses. Figure below illustrates this effect more clearly.
(a)
TX
G,
J %/2 - fE/2.
0.6
0.4
0.0
■0.2
-0.4 -0.2 0.0 0.2 0.4
Rx [mm]
time
TO.e
-0.4 -0.2 0.0 0.2 0.4 
 ► Rx [mm]
Figure 4-13: (a) 2D pulse sequence, gradient pulses are applied in two orthogonal directions, (b) and (c) typical
results for two samples, Reproduced from [54].
Full details of this diffusion-diffusion correlation spectroscopy (DDCOSY) experiment 
analysis are to be found in the literature [116] [127].
4.5.2 Restricted diffusion
In unrestricted Brownian motion, molecules diffuse freely in all directions and probability 
density function against molecular displacement exhibits a Gaussian distribution which is 
increasing in width with time. A molecule can be confined and the translational molecular 
motion can be restricted in a heterogeneous structure. For restricted motion Gaussian 
propagators are not the case. The echo amplitude of PFG experiment can give information 
about motion of molecules, boundaries and pore morphology of the surrounding medium. 
This effect can be detected in the long time limit where A »  <f ! D, where d  is the pore 
diameter. In this case the probability function is independent of the initial position within 
the pore. An example of restricted diffusion is water molecules inside porous cement 
paste.
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The echo attenuation function and diffusion coefficient depend on the type of 
confinement. The easiest example is a rectangular shaped confinement (box). For a 
molecule confined in such a box at short times, Û while a PGSE experiment is performed 
with gradients parallel to one side of the box with length a it experiences free Brownian 
motion which is the case for unrestricted self-diffusion. At long times, A, molecules 
interact with the confinement and bounce from wall many times and will lose all memory 
of their initial position. The echo attenuation for this case in the long time limit is given 
by:
^  V m a) 2 ~ e x p ( - r 2ô 2g 2DaPp A) (4-27)
where D app = and q = ySg . This shows that the diffusion coefficient decreases 
as A increases. For the condition of reflecting spherical barriers, the story is changed.
For the spherical boundary condition in the long time limit is:
- ^ ) « e x p H ^ 2 9 2( l 2)) (4.28)
t 0 5
where a is the radius of sphere. An alternate solution for the long time limit was 
suggested by Tanner and Stejskal [76] [78]:
E{q) = 9\l7üqa c o s (2 ^ fl) -s in (2 ^ a )]2/  {iTVqa)^ (4.29)
Other solutions have been suggested by Calaghan et a l  for a Gaussian and Log-Normal 
distribution of pore sizes [1 2 0 ] [127].
This method was used to study the size of the large capillary pores in chapter 8 .
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Chapter 5
5. Experimental methods
5.1 Overview
In this section, the NMR methods used for each experiment, sample preparation and data 
acquisition are explained in detail.
5.2 NMR methods
The NMR methods applied for this work can be divided into three major parts as follows:
1. lH NMR ID profiling using an open GARField permanent magnet.
2. NMR ID profiling using ~ a 60 MHz horizontal bore micro-imaging 
superconducting magnet.
3. NMR ID and 2D diffusometry using 400 MHz vertical bore superconducting 
magnet.
5.2.1 GARField magnet
The NMR method used in this part is ID profiling to understand water transport and 
permeability of cement paste and mortar materials. GARField is a permanent magnet with
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curved pole pieces which is made of neodymium iron boron (NdFeB). It has a proton 
resonance frequency of 30.4 MHz that corresponds to a horizontal (z-direction) magnetic 
field, B, of constant magnitude but not direction (here 0.74 T) which is very uniform in 
plane. GARField has a linear and strong magnetic field gradient, G, in the vertical 
direction (y) which is obtained due to the unique design of the pole pieces. The schematic 
diagram of the GARField magnet is shown in Figure 5-1. It has a large sample clearance 
of the order of 30 mm, open access to the probe which is ideal for timber and cosmetics as 
well as cementitious samples and it has dual sample regions with different g/B 
[84][85][87].
Pole pieces Field Gradient
Sample holder 
Sample
Profile Direction
H NMR coil Glass spacer
Height adjustment screw
Figure 5-1: Schematic diagram of GARField magnet, the pole pieces and the magnetic field pattern.
Here, in this work, only top part of the magnet is used where g!B -  16.67 m '1. The 
NMR coil is fixed at a certain height from the bottom of the magnet. Cement paste or 
mortar samples which have been prepared in an NMR glass tube in advance, are passed 
through the coil using a screw at the bottom of the glass tube holding the sample. The 
sample is measured at different positions by moving it up and down turning the screw at 
the bottom. The length of the coil is 5 mm and the diameter is 13 mm.
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There are several factors that reduce SNR in GARField experiments so that only abundant 
nuclei such as and 19F can be probed. The acquired signal is very short lived because 
of the strong gradients. This necessitates a broad receiver bandwidth to detect the signal. 
Receiving short lived signals at low frequencies (about 30 MHz) with short dead times 
(order of 10 jus) requires coils with low quality factors, which again decreases the SNR 
[88] [89]. The coil design (which affects filling factor), mechanical mounting, passive 
shielding and cable lengths can all affect the signal to noise ratio significantly [114]. 
Also, Garfield profiling is very sensitive to radio frequency electronic pick up noise as the 
magnet is of open design. Hence, the magnet, r.f. probe and sample are placed in an 
aluminium Faraday cage. The computer and essential electronics are outside of the 
chamber.
The mark II GARField magnet is used as the samples are 30-60 mm long. A picture of the 
magnet is shown in Figure 5-2.
Pole pieces
Sample holder
Screw
Figure 5-2: Photograph of GARField magnet with open access.
Measurements have been performed at different positions along the sample length with 
the 'H NMR coil and magnetic field strength of 0.74 T and gradient strength of 12.33 
T/m. The spectrometer used is a Maran 20. There is a screw at the bottom, with thread
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pitch 1 mm to change the height of the sample and on top of the screw there is a 1 cm 
glass spacer. The sample is mounted on top of the spacer.
Standard multiple quadrature echo pulse sequence is used: ax -T-{ay - I t- ay - x -  echo -r-) „ 
to acquire an echo train, where is an r.f. pulse of nominal flip angle 90° and relative 
phase % or y. Alternate echoes are collected. The pulse sequence is schematically shown 
in Figure 5-3.
90> 90
x
y C en tre 
of ech o
v
90v
jV" -4^-
1st
acquired
echo
4-r tim e
Figure 5-3: Schematic view of the GARField pulse sequence and signals.
The number of acquired echoes, n, is 32 for this experiment (actual echoes are 64), the 
pulse gap (90^-90^; t) varies between 24 and 28 ps as the frequency and experiment set up 
had to be changed over time. The pulse length is changed from 3 ps to 5 ps over time with 
frequency changes as well. The dwell time is 1 ps and 16 points are collected per echo. 
The number of scans for signal averaging is 256 for the initial measurements and for the 
final steps is 1024 with repetition delay (RD) of 0.67 seconds for cement and mortar 
samples, 3 seconds for rubber (reference) sample and 2 seconds for wet sand and doped 
water samples. The slice width excited is about 0.202 mm and 0.121 mm for P 9o = 3 ps 
and 5 ps respectively. However the profile pixel size is defined by the distance the screw 
is raised between measurements. This varies between Va mm (1/4 turn) and 4 mm (4 
turns).
5.2.2 Horizontal magnet
The second part of this work is focused on ID profiling using the SPRITE ID technique. 
For this part only, mortar samples with different size and sample preparation method have
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been used. The spectrometer is a Maran DRX2 and the magnet is a 1.5 T superconducting 
magnet with a horizontal bore. The magnet is horizontal and there is a glass tube inside 
the magnet containing another glass tube holding the ]U NMR coil tuned to the NMR 
frequency of 60 MHz. The diameter of coil is 28 mm and the effective length of coil is 
about 90 mm. This coil is placed at the centre of the magnet. The magnet is also 
equipped with three gradient coils in the three directions of x, y and z. The make of 
gradient amplifiers is Techron 8300. Figure 5-4 is an image of the horizontal magnet used 
for this part.
Glass tube holding ‘H 
NMR coil in the centre of 
magnet, sample is placed 
in this tube to measure.
Figure 5-4: Image of horizontal bore used for ID profiling using SPRITE imaging technique.
SPRITE is a phase encode method of imaging that varies the gradient strength, g, from 
point to point rather than time, t, in the expression for k ~ ygt used in equation 4.20. It 
overcomes difficulties with switching gradients very fast for short T2 systems. The variant 
that is used is shown in Figure 5-5. It measures at fixed time, t  after each Pa «  P9<) pulse 
as the gradient is linearly increased in amplitude.
The parameters used for this part are optimised for both mortar and rubber samples. The 
r.f. pulse flip angle used for the mortar samples is 19.56° and for rubber sample is 10.14°.
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The maximum gradient strength along z-direction is poorly calibrated due to eddy
currents. AT = 128 steps are used. The repetition delay time, trd is 2 seconds. The sampling
time, t = 130 ps and the gap between r.f. pulses Ta = 2000 ps.
The pixel resolution and field of view for the images obtained by the phase-encode 
technique are given as:
Ar = ---- — —  (5.1)
N'Hfë max
F O V =  271 (5.2)
^7  ^max
where y is the gyromagnetic ratio for the hydrogen nuclei, gmax is the maximum gradient 
strength, A^is number of points acquired and A r  is the pixel resolution.
The data is Fourier Transformed with respect to the gradient strength to yield a profile. 
Since gmax is poorly specified the profile resolution was accurately calibrated using a 
sample comprising rubber slices of known spacing.
< »
S (stepped ramped)
Figure 5-5: Schematic view of the SPRITE technique in 1-dimension.
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5.2.3 Diffusometry
NMR measurements were made using a 400 MHz Chemagnetics Infinity spectrometer 
equipped with a 10 mm Fraunhofer Institute probe and an 89 mm bore Magnex 
superconducting magnet. The 90° pulse width was 10 ps and the spectrometer dead time 
was 6 - 8  ps. NMR PFG studies have been realised in one- and two-dimensions. In one- 
dimension, the spin-echo (SE) pulse sequence [90] was used with echo times (2t2) 
ranging from 1 2  to 28 ms and gradient pulses of duration 0 = 2  ms and maximum 
amplitude gmax = 1.5 T/m and with encoding time A = t2. The three pulse stimulated-echo 
(STE) sequence [91] was also used with storage times % and encoding times A = Ti+ t2 
up to 50 ms. Typically 1024 averages with a repetition time of 1 s were recorded per echo 
spectrum. In two dimensions, diffusion-diffusion correlation experiments (DDCOSY) 
[92] comprising of two spin echoes created by two pairs of pulsed field gradient were 
carried out with encoding times of 6  ms and gradients in % and y-directions. T2 
distributions in pastes were measured using Carr Purcell Meiboom Gill experiments with 
a pulse gap interval of 25 ps and 200 echoes. Echo decays were inverted using Inverse 
Laplace Transform algorithm due to Vankataramanan et al. [128]. Other analysis was 
conducted using in-house MatLab® codes that are provided.
The image of the vertical superconducting magnet is shown in Figure 5-6.
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Figure 5-6: Image of the vertical bore superconducting magnet used for the PFG studies on cement pastes.
The pulse sequences used in this study are shown schematically in Figure 5-7.
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-» <-
180,90; Echo
- x -
Ti
- x -
-X - ■X-
90 180c 180c
Echo
Figure 5-7: Schematic view of pulse sequences used for diffusion studies in cement pastes. From top to bottom: 
spin-echo pulse sequence used for shorter diffusion time, A, stimulated echo (STE) sequence used for long 
diffusion time, A and DDCOSY sequence used to study 2-dimensional diffusion in cement pastes. The arrows 
labelled and T2 show the spin relaxation occurring during different parts of the experiment.
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Parameters used for this measurement were as follows. The diffusion time, A, is in the 
range of 0 to 50 ms. The gradient pulse width, 8, is 2 ms in the STE and SE 
measurements. The time gap between the r.f. pulses, t2, is 2 ms in the SE study and is 6  to 
14 ms in the STE study. The SE study is a t / =  20 MHz and the STE and 2-dimensional 
diffusion study are at 400 MHz.
Cotts [126] pulse sequence (13 interval sequence) is used to check if background 
magnetic field gradients due to inhomogeneity of the sample magnetic susceptibility are 
important. The schematic view of the pulse sequence is given in Figure 5-8.
Ti
90°90°
A
180 90°
A=A'+2
180
A
V
Echo
V
A
V
Figure 5-8:13-interval PFG NMR sequence proposed by Cotts et al. [126]. The gradient strength is the same for
each gradient pulses.
5.3 Sample preparation
5.3.1 Cement paste
The cement used for the samples in this work is low C3A white cement (cement A) 
supplied by the NANOCEM  consortium [94].
5.3.1.1 Mixing
The mixing procedure plays an important role in the development of macroscopically 
homogeneous micro structure of cement paste. NANOCEM  reported projects that 
examined the effect of different preparation parameters such as mixing speed, time or size
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of batch and concluded that the optimum standard procedure for laboratory samples is as 
explained below [93].
The cements were mixed into pastes with water-to-cement ratio of 0.4 by mass and 
according to the standard procedure [94] using a mixer equipped with an rpm meter and a 
paddle supplied by École Polytechnique Fédérale de Lausanne (EPFL). 100 grams of 
white cement powder have been mixed to 40 grams of distilled water for each time of 
mixing to keep the water-to-cement ratio (w/c) constant at w/c = 0 .4 .
The equipment is shown in Figure 5-9.
The mixing has three parts:
1. 3 minutes mixing at 500 rpm.
2 . 2  minutes pause for a quick manual check to avoid sedimentation at the bottom of 
the container and then the container must be immediately covered.
3. Additional mixing at rotational speed of 2000 rpm for 2 minutes.
Cement paste samples have been cast in NMR glass tubes of three lengths of 2, 4 and 6  
cm with internal diameter of 8  mm. After casting, the samples are put on a vibration plate 
for 30-60 seconds to remove air bubbles and make the materials more homogenous.
Figure 5-9: Paste mixer (left) and custom made paddle (right) used for mixing [94]
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5.3.1.2 Curing condition
a) GARField
1. Hydration time
The GARField measurements are performed on samples exposed to different humidity 
conditions at each end. The sides of the samples are kept completely sealed. It was 
decided to prepare cement paste and mortar samples in cleaned NMR glass tubes. 
Different materials and methods were tried to seal the sides such as wrapping the sample 
in poly-tetra-fluoro-ethylene (PTFE) tape. Using PTFE tape for sealing does not create a 
good seal around the sample as there is evidence showing that the sample was drying 
from the sides. Other sealing films would not seal the sample as well as NMR glass tube 
because of the probability of chemical reaction between the sample and the film as well as 
the salt solutions reaction with the sealing film which affects the sample too. Another 
method tried was using araldite to seal the sides of the sample. This method also failed at 
high RH. The other method of sealing used for GARField measurements was using highly 
fluorinated oil sleeve around the sample while the sample was kept at the centre of a glass 
tube holding it. The oil leakage stopped us continuing with this method. Finally, after 
trying these different possibilities and methods of sealing it is decided to prepare 
measuring sample in thin-walled NMR glass tube. The NMR tubes are 170 mm long with 
outer diameter of 10 mm and inner diameter of 8  mm and they are made of Pyrex glass. 
To have both ends of the samples open, the bottom of the glass tubes are removed. After 
cutting off the bottom, the glass tubes are washed using dilute hydrochloric acid before 
casting samples in them. The tubes are put in 3 cm thick PVC (Polyvinyle chloride) stands 
which were cut to hold the glass tubes vertically and straight on the plastic Petri dishes at 
the bottom. The samples have been cast in the moulds prepared and sealed with cement 
paste from the bottom as the samples for this type of measurements are cured under 
saturated curing condition for 28 days. Figure 5-10 below shows the schematic design of 
the mould.
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Rubber cap — ►
NMR tube — ►
PVC stand
Cement
Cement paste
Calcium hydroxide 
saturated solution
Cement paste
Figure 5-10: A schematic design of sample cast.
The cement paste at the bottom is used to keep the sample sealed from drying and it is 
kept moist during sample curing time by spraying saturated calcium hydroxide solution 
Ca(OH )2  every day while the whole setup is kept in a closed container to avoid 
evaporation.
The other end of the sample is kept sealed as well while it is monitored to make sure it 
always contains 2-3 mm of Ca(OH ) 2 saturated solution on top. The reason for using extra 
water on top is to fill free voids created by chemical shrinkage. Ca(OH ) 2 is added to this 
water to make saturated solution of Ca(OH ) 2 to simulate pore fluid and prevent leaching. 
The sample is kept in a sealed condition to restrict evaporation (or drying) and ingress of 
C 0 2 (or carbonation) in cement paste.
2. Subsequent exposure to RH gradient and measurement
For GARField measurements, after 28 days of hydration, samples of cement paste and 
mortar were exposed to air at different relative humidity (RH) from one end while they 
have been kept in air above saturated Ca(OH ) 2 solution (at 98% RH) at the other end to 
create an RH gradient. The samples were periodically removed from the RH chambers 
and profiled using GARField but otherwise kept in the RH gradient until a dynamic 
equilibrium was reached.
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Sealed glass jar with 
humidity sensor------------
Reduced RH
Sample in glass tube
Plastic holder
98% RH
Saturated salt 
solution
Rubber cap
Figure 5-11: Sample was held at certain humidity from the top end and the other end (bottom end here) was held 
at 98% humidity generated by calcium hydroxide saturated solution.
The masses of the Ca(OH )2  solution and the sample were also periodically measured in 
order to calculate the mass loss of the sample and the liquid flux passing through the 
sample.
A syringe was used to insert the Ca(OH ) 2 solution through the resealable rubber cap on 
the inverted sample without wetting surface. This was repeated every time after the NMR 
measurements.
To create certain RH values, different saturated salt solutions were prepared to fill up to 
400 ml of the volume of a glass jar (volume of the jar = 1.5 litre). There were three 
saturated solutions of magnesium chloride hexahydrate, magnesium nitrate hexahydrate, 
ammonium sulphate for RH values of 30%, 50% and 80% respectively, and silica gel 
(self indicating in orange) for RH = 15% [95][96].
To prepare 15% RH, dry silica gel (type III, indicating and used for desiccation from 
Sigma-Aldrich, contains cobalt dichloride) was used to fill up to 400 ml of a beaker. After 
the silica gel was placed in a 1500 ml glass preserving jar which was well sealed from top 
and then there was a humidity sensor (Thermo Hygro sensors provided from Oregon 
scientific cable free sensors for all weather) put inside the glass to make sure it 
equilibrated at 15% after 24 hours.
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To prepare the saturated salt solutions the mixing ratio for each RH is given in Table 5-1.
Table 5-1: Salts used to prepare different RH conditions and the amount of salt mixed to 100 g of water to
prepare saturated salt solutions.
Salt Chemical
notation
Amount of salt 
(g total/100 g
h 20)
Relative Humidity 
(%)
Magnesium chloride 
hexahydrate
MgCl2.6H20 156.9 30
Magnesium nitrate 
hexahydrate
Mg(N0 s)2 .6 H2 0 125 50
Ammonium sulphate (NH4)2S04 74.49 80
The salts are provided from Acros organics, Sigma-Aldrich and Fisher scientific in 97% 
to 99% assay for 30%, 50% and 80% RH respectively.
To prepare higher RH values, the saturated salt solution was mixed with solid salt and the 
liquid phase was prepared in bigger volume than the solid phase, because it was more 
effective and, the sealed jars equilibrated easier and faster to the required RH from room 
humidity in this way. The jars were well sealed from top.
There are humidity sensors put in different jars to check RH value at different stages and 
to make sure the RH was stable inside the jar. Also the RH jars had been prepared 24 
hours prior to the time when samples were put inside them. Figure 5-11 shows the way in 
that the sample was held inside the jar for each RH condition.
The summary of the procedure is shown in Figure 5-12. It shows the procedure of sample 
preparation from casting and curing conditions to measuring condition and subsequent 
exposure to RH gradient.
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a)
O
b) c)
Figure 5-12: A schematic summary of the sample preparation and measurement procedure: (a) the sample is 
cast and kept under this condition for 28 days; (b) the sample is measured in the magnet after 28 days hydration; 
and (c) the sample is kept in the sealed jar at certain relative humidity gradient. The measurement cycle ((b) and 
(c)) is repeated over 1 year until the sample reaches equilibrium.
b) Samples for PFG measurements
For this part of the work, cement pastes were cast inside PTFE moulds. The cylindrical 
moulds are 8  mm in diameter and 7 mm deep. The samples were removed from the 
moulds after the first 24 hours and then they were stored inside the small sealed plastic 
bottles under a small quantity of saturated calcium hydroxide solution for 28 days. Prior 
to the NMR measurements, samples were dabbed dry and placed in sealed NMR tubes 
with glass rods on top to take up the free volume.
Between measurements, the samples were stored under a small quantity of saturated 
calcium hydroxide solution at room temperature.
5.3.2 Mortar samples
5.3.2.1 Amounts of materials
For mortar samples, low C3A white cement paste was used as the bonding phase (matrix) 
with different sand sizes as aggregates. A big container (50 kg) of washed river sand 
provided by Department of Civil Engineering at University of Surrey has been carefully 
dried at 110°C in the oven for 48 hours. It was sieved using a sieve shaker which has six 
sieves with different sizes in the range of 150 microns and 2.23 mm. After the sand was
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dried and sieved, different sizes were packed in labelled and sealed bags and the bags 
have been kept in a plastic sealed container to protect the dry sand from moisture.
NMR experiments are sensitive to hydrogen nuclei and there is no hydrogen in the 
sand. On the other hand, paramagnetic ions in dirty sand result in faster NMR decay of 
water and will result in lower SNR in sand/water mixtures. Taking advice from Dr. Mike 
Mulheron in the Civil Engineering Department, it was decided to use water: cement: sand 
ratio of 0.50:1:2 by mass with three different sand sizes used for measurements: 150-300 
microns (small size); 300-600 microns (medium size); and 600-1180 microns (large size). 
2 0 0  grams of sand for each size were mixed with 1 0 0  grams of white cement and 50 
grams of distilled water to prepare mortar samples.
5.3.2.2 Mixing
The mixing procedure was slightly different for the mortar samples. The mixer used was a 
mortar mixer which is slightly bigger than the mixer used for the cement paste samples. 
The paddle is also bigger than the paddle used for the cement pastes. It rotates slower at 
its highest rotating speed than the highest rotating speed of cement paste mixer. This is an 
advantage for mortar materials. They contain sands as the aggregate phase and mixing it 
slowly with bigger paddle gives the benefit of having a homogeneous sample completely 
mixed. The materials were mixed in three stages; the first part is mixing at middle speed 
(about 300 rpm) for 3 minutes and then waiting for 2 minutes while covering the 
container and another 2 minutes at high speed (about 1700 rpm (revolutions per minute)).
5.3.2 3 Mortar curing condition
a) GARField
For these measurements the curing condition and also the casting is exactly the same as 
that explained for the cement paste samples. But, this time the sealing material used 
around the glass tube, in the Petri dish, was mortar materials. The samples were cast in 4
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cm length and 8  mm diameter. The subsequent time and the preparation method to put the 
sample into the magnet is also exactly the same as described in 5 .3 .1 .2 .
b) Horizontal magnet
1. Hydration time
After the mixing stage, the mixture was cast into plastic (acrylic) moulds with 25 mm 
inner diameter and 200 mm length. These moulds consist of two halves which made it 
easier to remove the solid sample after setting time by opening the joints of sample cast. 
These plastic casts were placed on a vibrating plane for few seconds in order to remove 
air bubbles trapped within the samples. After vibration, samples were wrapped in few 
layers of sealing film (DuraSeal film) and were placed in a sealed container for 28 days to 
complete the hydration process. After 28 days, sample is removed from the cast and 
weighed. Then it is re-wrapped in layers of sealing film. The sample is then cut, using a 
diamond saw, to 70 mm length. The middle part of the whole length was chosen to avoid 
sedimentation effects which occur nearer both ends of the sample. The cut is perfectly 
square and the surface is left very flat and sufficiently smooth to start water transport 
measurements.
2. Subsequent time
In this experiment, mortar samples have been exposed to distilled water from one end 
while the sample was held inside the magnet during the whole time of measurements. For 
this, the samples were connected to a water reservoir from one end while the rest of the 
sample length was kept sealed. The far end was open to the air.
Different methods have been examined to find the best sealing of the sides. The first 
method was to place the sample in the middle of a glass tube having O-rings at both ends 
to keep the sample in the middle of the tube while the sample was soaked in a certain 
amount of fully fluorinated oil. Both ends are sealed to oil using epoxy resin. This method 
did not work because of oil leakage through the epoxy, although it looked to be the best
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and most appropriate design for this purpose and the type of oil used was very viscous. 
The second way examined was to place the sample in a very tight flexible plastic cover 
that could be connected to water reservoir. This design did not work either; this time 
because of the capillary forces and suctions caused through the gap between the sample 
wall and the plastic cover surrounding it. There were also some other designs that were 
tested but the last one which worked best will be explained below.
Mortar samples were measured while they were kept inside the magnet until water uptake 
inside the sample slowed down significantly. The samples were connected to the water 
reservoir from one end. The water head is an acrylic cylinder cut to the shape shown 
below. Then, this tube was attached to the sample end with a very tight plastic cover up to 
1/5 of the sample length and the joint was supported using sealing films from Parafilm 
and Duraseal. To keep the sample in the middle of the coil glass, the other end of the 
sample was also wrapped with the same amount of sealing films to make sure the sample 
is: (1 ) in the centre of the coil glass; and (2 ) levelled and horizontal to avoid pressure 
difference inside the sample which causes water flow, not diffusion.
D istilled
w a terExhaust
'H NMR coil
( \ >  <------------Tape rings— J■ as Acrylic pipes to the containers yxAcrylichead
‘Glass tube
Figure 5-13: Water reservoir set up for water hysteresis experiment.
The rest of the sample length and also the other end of the sample were left uncovered 
and open to air. In this case water diffusion occurred inside the sample along the sample 
length. Vapour transport was considered negligible. There is no capillary transport. The 
sample preparation, curing and measurements are done in the laboratory controlled 
environment which is 20°C temperature and 33-35% relative humidity.
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3. Preparation to go into the magnet
Mortar samples were prepared 28 days prior to the measurements. After 28 days when the 
hydration process was significantly slowed down, the samples were removed from the 
plastic moulds. Each sample was cut to 7 cm length and weighed. There was a water 
lubricated diamond saw used to cut the samples. The sample is attached to the water 
reservoir as shown in Figure 5-13 and it was kept inside the magnet during the NMR 
measurements.
5.3.3 Reference samples preparation
There are two reference samples prepared as below:
a) Rubber sample
There was a latex sample prepared as a reference sample to check the stability of 
spectrometer during the whole measurements. To prepare the rubber sample, first step 
was to premix the EE RTV 2005 paste before use to minimise the effect of possible filler 
settlement. Then 0.25% (by mass) of curing agent (contains 
Dimethybis[( 1 oxonedecyl)oxy] stannae) has been added to every 1 % (by mass) paste (by 
weight) and they were mixed thoroughly. The final mixture was cast in an NMR glass 
tube immediately and it was left to cure at ambient conditions for 48 hours to cure 
thoroughly. This sample was used to normalise all of the measurements of cement paste 
and mortar samples. The latex sample was measured every time before and after every 
measurement to make sure of the stability of the spectrometer during that specific 
measurement.
The size of the sample was according to the sizes of the casts explained for each type of 
experiments. The reference samples were chosen to be longer than the cementitious 
samples. The rubber sample for GARField was 50 mm in length and 10 mm in diameter. 
The rubber sample used for micro-imaging experiment was 190 mm long and 25 mm in 
diameter.
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b) Saturated sand sample
The other reference sample prepared was the saturated sand sample. The reason to choose 
another reference sample was due to rubber sample changing with time as cross linking 
affects T2 and make T2 shorter in aged material compared to freshly cast latex samples. 
Although the rubber sample was measured every time with every measurements (before 
and after), it was better to have another reference sample to minimise the error in analysis 
in porosity calculation and calibration.
This sample was prepared to calibrate the porosity fraction for cement paste and mortar 
samples. The sand used was dried at 110°C first for 24 hours and then doped water was 
added to the sand. The grain size of the very fine sand used is less than 150 microns and 
sand was wetted with doped water (water is doped with very small amount of MnCl2 
crystals) and packed inside the NMR glass tube while it was placed inside a vacuum 
chamber to remove air bubbles from the sample.
The size of the sample was according to the sizes of the casts explained for each type of 
experiments. The reference samples were chosen to be longer than the cementitious 
samples.
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Chapter 6
6. Results for GARField ID profiling
6.1 Overview
This chapter presents water dynamics at the macro-scale in cement pastes. Permeability 
measurements using lH MRI-profiling are presented. Analysis focuses on measurements 
of the cement permeability and apparent diffusion coefficient as a function of saturation.
6.2 GARField magnetic resonance ID profiling on cement pastes
6.2.1 Calibration standards: measurements on saturated sand and latex
Saturated sand samples were chosen as reference materials to calibrate the filled porosity 
of cement pastes. A rubber (latex) sample was used to calibrate the radio frequency pulse 
lengths. Calibration samples were measured before and after every measurement of 
cement pastes to make sure that the spectrometer was stable during the acquisition. The 
reason for choosing saturated sand samples to calibrate the filled porosity was that the 
latex signal intensity changed with time due to changes in cross link density that affect T2 
and make T2 shorter in aged latex compared to the freshly cast material. Also the 
microstructural, magnetic susceptibility heterogeneity that causes T2 shortening is more
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similar between sand and cement compared to latex and cement. However, latex gives a 
stronger signal making pulse length calibration easier.
There were two saturated sand samples prepared for porosity calibration. The size of the 
sand grain used for both samples was less than 150 microns. A packed bed of dry sand in 
an NMR tube was saturated with water doped with a very small amount of MnCla crystals 
to shorten Ta. The sample was placed inside a vacuum chamber to remove air bubbles 
trapped within the sand bed. Then it was placed in the magnet to measure the lH NMR 
signal at a fixed height of the sample. The samples were moved to different heights and 
measured for different slices using the adjustment screw at the bottom of the glass tube 
containing the NMR coil. The MR profiles of these two saturated sand samples are shown 
in Figure 6-1. The left figure is for the saturated sand sample with an excess of bulk 
doped water on top of the saturated sand (sample 1). The right profile shows another 
saturated sand sample profile without bulk water on top (sample 2 ).
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Figure 6-1: NMR profiles of saturated sand samples (a) with an excess of 1cm doped water on top (sample 1)
and (b) without excess of doped water on top (sample 2). A near middle slice of this sample was used for 
calibration. The profiles are constructed using the echo sum method and are normalised such that the bulk water 
intensity is 1. Hence, to a first approximation (see text), the intensity reflects sand porosity. The curvature of the 
ends of the sample especially in (b) is due to curvature of the tube end and sand surface and poor alignment of
the sample.
The data analysis leading to the creation of Figure 6-1 from the raw data is now 
explained. For every measured slice of the sample, an echo train was recorded. The echo 
train contained 64 echoes with 16 data points per echo acquired. However, note that the
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spectrometer only records alternate (i.e. 32) echoes to avoid systematic errors as is 
standard for CPMG experiments. Figure 6-2 (a) shows a typical echo train (decay) as it 
appeared on the computer display in magnitude mode. The number of scans for every 
slice measurement of the sand was 256. This represented a compromise between data 
acquisition time and signal-to-noise ratio. The acquisition parameters are as follows: 90° 
excitation pulse length, Pa= 5 ps; repetition delay, trd= 2 s\ and 90° - 180° pulse gap, t =  
28 ps.
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Figure 6-2: (a) The magnitude mode echo train of a typical slice of the saturated sand sample (sample 2) 
obtained with GARField magnet; (b) The echoes are phased using the 4th echo in order to maximise and 
symmetrise the real part of the signal. The traces are squares (real) and circles (imaginary) components of the 
signal before (open) and after (closed) phase rotation; (c) The squared sine-bell filter used for apodization, black 
open circles are the filter, filled squares are the real phased component and filled circles are the filtered signal; 
(d) The normalised echo intensity decay (T2 decay) of the processed data in (a). Red solid line is the exponential 
fit to the blue squares of experimental data. The first three echoes are excluded. The intensities are normalised
compared to those for bulk water.
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The raw dataset was phase rotated using the 4th echo as a reference to maximise the real 
component at the echo centre. In principle, the phase rotated real part of the echo is 
symmetric. The real and imaginary parts of the 4th echo of the train in Figure 6-2 (a) is 
shown in Figure 6-2 (b) both before (open squares (real) and circles (imaginary)) and after 
phase rotation (closed squares and circles). Every echo of the train was phased by the 
same rotation angle. The next step was to filter every echo of the sequence using a 
squared sine-bell filter. Figure 6-2 (c) shows the filter (open circles) as well as the real 
part of the 4th echo both before (closed squares) and after (closed circles) application of 
the filter. The intensity of each echo was now calculated as the sum of all the points in the 
phased and filtered echo. This is justified since, in a very strong gradient, the echo shape 
is dominated by T2* rather than T2 and is largely independent of sample. The integrated 
echo intensity is equal to the magnetisation intensity at the centre of the excited slice due 
to Fourier transform theory. By this means, the signal-to-noise ratio is improved 
compared to taking the echo maximum.
From this point there are multiple routes to further analysis. The most simple is to add the 
intensity of each phased echo. This is the method used to construct the profiles in Figure
6-1. It gives a good signal-to-noise ratio but does not account for differences in T2 
between different samples. That is why Figure 6-1 only gives an approximated value of 
the porosity. Another route is to fit an exponential decay to the echo train.
— A n t
M  {An t) = M q exp( ) (6.1)
T2
M0 gives a better measure of the magnetisation intensity as well as its decay time, T2, in 
the gradient field. However, the first echo is known to always be weaker than the others 
[106] and hence is discarded. Figure 6-2 (d) shows the echo train intensity and the 
associated fit for the decay in Figure 6-2 (a). Finally, the process is repeated for every 
slice and a profile constructed.
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Figure 6-3: MR profile of a 5cm long latex sample constructed using the echo sum method. The intensities are
normalised compared to those for bulk water.
Figure 6-3 shows a similar profile for the 5 cm long latex sample using the same 
normalisation factor and the same method of adding up echo intensities. The rubber 
sample is a homogenous sample and the signal intensities obtained from different 
positions of the sample were almost the same. The acquisition parameters are exactly the 
same as the ones used for saturated sand sample but t rd = 3 s . For the whole process 
described above the 1st echo was deleted from the beginning of the echo train due to the 
instability of its signal intensity caused due to the extreme sensitivity to the pulse length 
and amplitude in the field gradient.
Figure 6-4 shows the profiles of saturated sand samples 1 and 2 constructed using the 
second method, exponential fitting. Again the water is normalised to 1. The intensities are 
normalised to water. Calculation of the NMR signal intensity using the second method, 
exponential fitting, gives more accurate values of M0. This is because this method 
properly accounts for variation in T2 between different materials when they are compared 
and normalised with respect to water.
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Figure 6-4: MR profiles of saturated sand samples (a) with an excess of 1cm doped water on top (samplel) and 
(b) without excess of doped water on top (sample 2). The profiles are constructed using the exponential fitting 
method. The curvature of the ends of the sample especially in (b) is due to curvature of the tube end and sand
surface and poor alignment of the sample.
Figure 6-5 shows the latex profile constructed using the second method, exponential 
fitting. The intensities are normalised compared to those for bulk water.
1 .0
d
co
"O 0.5
0.0
0 20 40 60
Position (mm)
Figure 6-5: MR profile of latex sample. Data are fitted to exponential. The intensities are normalised compared
to those for bulk water.
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Figure 6-6: Left: T2 echo amplitude decay of the doped water and saturated sand sample. The solid lines are 
exponential fits. The data is extracted from the points at 12.5 mm (in sample 2) and 45 mm (in sample 1) of the 
profiles in Figure 6-1. Right: the same data with the water intensity normalised to 1. Hence, the saturated sand
porosity seems to be (34 ± 0.3) %.
Figure 6-6, shows the T2 decay for the middle slice of the saturated sand sample (sample 
2) and compares this to the T2 decay of the bulk water, on the right hand side of sample 1. 
The experimental data (blue squares) for the samples of saturated sand and bulk water are 
fitted to a single exponential curve (solid red line) and from this fitting the values of 
relaxation times, T2, and amplitude, M0, are obtained. T2 of bulk doped water is 8.1 ± 0.2 
ms and M q is 1.73 ± 0.07 a. u. The bulk water corresponds to 100% filled porosity of a 
“porous” media. Hence the decay amplitude is normalised to 1. The T2 of the saturated 
sand is 3.9 ±0 .1  ms and M q is 0.679 ± 0.004 a. u. Using the same normalisation factor, 
the amplitude of the saturated sand signal is 0.34 ± 0.003 showing that the filled porosity 
is (34 ± 0.3)%. The T2 value of the saturated sand sample is smaller than for the bulk 
water as expected due to the water confinement in this sample. The sand porosity was 
calculated by the gravimetric method having the masses of the dry sand and the amount of 
doped water added to saturate the sand. The value found in this way is 32% which is very 
close to the porosity found by NMR measurements. According to literature the porosity of 
closed packed spheres of all the same size is 0.26 and the loose packed spheres have the 
porosity value of 0.40 [107]. These values are well-agreed with the value obtained for 
saturated sand in this study.
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The mass and volume of the saturated sand were measured. From this the density was 
calculated. The value is 1.54 ± 0.01 g/cm3. Using the NMR porosity (34%) and the known 
density of the saturated sand (calculated), the dry sand density is calculated to be 1.64 ± 
0.02 g/cm3. This compares to e.g. 2.65 g/cm3 for quartz (S i02) and 1.442 g/cm3 for loose 
sand [107].
6.2.2 Cement paste measurement
In this section, results from a 2.25 cm long low CgA white cement paste sample (cement 
A) with w/c of 0.4 by mass at mixing and hydrated underwater (under calcium hydroxide 
saturated solution) for 28 days are presented. Prior to first measurement the surface water 
was removed using a clean absorbent cloth. This was done very carefully and with 
minimal touching of the surface of sample. The other end of sample was dabbed dry as 
well. The sample was weighed and then measured in the GARField magnet.
Figure 6-7 shows the MR profile of this sample measured at 28 days after preparation. 
The analysis is based on echo sum, the first method. At this stage, the dataset is not 
normalised.
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Figure 6-7: Initial MR profile of a cement paste sample using first method of analysis based on sum of echo 
intensities. Data is not normalised to bulk water signal intensity.
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The sample extends from position 2.5 mm to 25 mm on the graph. The signal intensity 
rises steeply to the right end of the profile. This is the end of the sample that was in 
contact with the curing solution of calcium hydroxide. It is evident that the filled porosity 
at this end is much greater than throughout the bulk of the sample. It is also possible that 
there is a little residual surface water present. Below the top 1 mm (right hand side of the 
profile), the intensity is uniform within measurement error. The two ends of the profile 
are “square” confirming a good sample alignment and resolution of about 0.5 mm.
Figure 6-8 shows the echo intensity decay at 14.5 mm along the cement paste sample, a 
point that is near the middle of the sample length. Also shown in the figure is the decay 
for saturated sand reproduced from Figure 6-6. Both traces are normalised such that the 
decay amplitude of bulk doped water is 1.
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Figure 6-8: Echo intensity decay of a cement paste sample compared to saturated sand sample. The data is 
extracted from the points at 12.5 mm in the saturated sand sample and at 14.5 mm in the cement paste sample. 
Experimental data (blue filled squares) are fitted to a single component (solid red line) and two components
(dashed red line) exponential decay.
As a first stage of analysis the cement decay is fit to a single exponential. This single 
exponential fit is shown by the solid line. It is clear that the fit quality is poor. In 
consequence, the data has also been fit to a two component exponential decay. This is the 
dashed line. The fit is evidently much better. The fit parameters are given in Table 6-1.
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Table 6-1: Fit parameters of the double exponential fit to the cement sample experimental data; relaxation time 
and amplitude fraction for the two components fitting. The data is extracted from the points at 14.5 mm.
Amplitude Amplitude t 2
(% total) (% of water) (ps)
Capillary water (component 
1)
6.0 1.9 1100+ 50
Gel water (component 2) 92.0 29.7 480 ± 10
Literature suggests that there are four T2 components in cement paste [108]. The first is 
the solid (T2 is about 10 ps) which is too short to be detected in GARField. The second is 
interlayer water in the C-S-H. This has a T2 of about 100 ps. The first echo of the analysis 
that is used is at a time of 448 ps and is hence too long to detect the interlayer water. 
Therefore, it is deduced that the gel pore water (T2 about 400 ps) and capillary (T2 about 
few milliseconds) components are detected here. The T2 values found for these 
components are similar to those in literature [113].
The exercise is repeated for a point near the wet end of the sample. The results are shown 
in Table 6-2. There is slightly more water here based on the signal amplitude, but the T2 is 
considerably longer suggesting bigger pores. This shows how echo sum in the profile can 
distort the intensity.
Table 6-2: Fit parameters of the double exponential fit to the cement sample experimental data; relaxation time 
and amplitude fraction for the two components fitting. The data is extracted from the points at 22 mm.
Amplitude Amplitude t2
(% total) (% of water)
(ps)
Capillary water (component 16 5.2 2100 + 50
1)
Gel water (component 2) 85 27.4 817 + 20
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Figure 6-9 shows a profile of total porosity and its decomposition into capillary and gel 
water pores based on a full fitting analysis of the initial profile of the cement paste 
sample.
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Figure 6-9: Initial MR profile of the cement paste sample constructed based on the second method of analysis, 
exponential fitting. Red circles show the gel porosity, black squares show the sheet porosity and blue triangles 
show the capillary porosity. Green diamonds show the sum of capillary and gel porosity and purple stars show
the sum of all three porosities.
The porosity in Figure 6-9 was calculated using the exponential stripping method that 
works well for noisy data. The last few echoes only were fitted to a baseline, representing 
the capillary water. Then the last two-thirds of the echoes were fitted to a single 
exponential decay plus this baseline. This gives the intensity and Ti for the gel water. 
Finally, all the echoes are fitted to two exponentials plus a baseline using the parameters 
already found and one more exponential. This gives the C-S-H sheet water intensity and 
72 values. Figure 6-9 shows that the results have good signal to noise ratio for the gel and 
capillary but are, as expected, much noisier for the sheet porosity.
With this approach and considering sheet porosity as well as gel and capillary porosities, 
the intensity jump at the wet end of the sample disappears. As the gel porosity increases 
the sheet porosity decreases and the differences cancel each other out.
The sample used to generate Figure 6-9 was removed from the magnet and allowed to 
equilibrate for an extended period in a relative humidity gradient as discussed in chapter
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5. One end, the right hand side of the profile, was held at 98% RH and the other end was 
at 15% RH (in Figure 5-11).
Periodically the sample was removed and profiled using GARField. At each time point 
the sample mass was recorded before and after the NMR measurements. There was very 
little mass change during the NMR measurement. The time points were chosen so as to 
minimise disturbance to the equilibration process but still allow observation of the 
dynamic changes. Figure 6-10 shows the mass loss as a function of time as the sample 
dries from the low RH end. After about 200 days the mass loss rate (the gradient of 
Figure 6-10) approaches zero.
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Figure 6-10: Water mass loss of the 2.25 cm cement paste sample equilibrated at 15%-98% RH gradient. The 
plot shows the mass loss slowed down while the sample approached dynamic equilibrium. The sample drying 
started at 28 days after curing. The red solid line is an exponential fit plus offset but has no physical significance.
Figure 6-11 shows the change of fluid flux across the sample length with the drying time. 
For this purpose the total mass of fluid that passed through the sample was measured. 
This was done by weighing the high humidity solution. The same measurement was 
repeated before the next NMR measurement after a certain time of drying. The change in 
these two masses gives the total fluid mass transported through the sample in that interval.
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Figure 6-11: Fluid (water) flux against drying time. The filled blue squares are the calculated flux data in the 
middle of each interval in Figure 6-10 and the red solid line is an exponential fit plus offset to the data that gives 
an indicative measure of the equilibration (about 50 days). The fit function is of no physical significance.
Figure 6-12 shows the profiles constructed by the echo sum method as a function of time. 
The initial profile was measured after 28 days since the sample had been prepared and 
this is labelled as the 1st step. The second step was after 7 days from the 1st step. The 3rd 
profile was measured after two weeks, the 4th profile was after 3 weeks, the 5th profile was 
after 35 days, the 6th profile was after 71 days, the 7th was after 190 days, the 8th was after 
212 days and the 9th profile was measured after 265 days.
These MR profiles make it clear that water is lost predominantly from the low RH end but 
also there is some drying evident at the nominally 98% RH end, presumably because it is 
less than 100%, at which RH the sample should stay saturated.
The Kelvin-Laplace radius for 98% RH is 45.6 nm. Hence, pores larger than this will 
empty even at the “wet end”. The Kelvin-Laplace radius for 15% RH is 0.56 nm. Hence, 
pores larger than this will empty at the “dry end”.
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Figure 6-12: Time dependant MR profiles of the cement paste sample constructed using the first method, echo 
sum. Filled diamonds show the initial measurements at 28 days after the sample preparation. The profiles were 
measured during the drying time. Filled grey circles are the equilibrium profile of the sample measured of the 
sample at age 293 days. Red filled circles correspond measurements at 35 days, blue filled triangles are for the 
43 days, open green squares are for the 49 days, filled purple circles are for the 63 days, open green diamonds 
are for the 99 days, open red squares are for the 218 days and open purple triangles are for the 240 days
measurements.
Figure 6-13 shows the integrated intensity of whole profiles as a function of sample age. 
From this figure and also from the mass loss graph, it is clear that water mass loss has 
slowed down significantly as the sample approaches dynamic equilibrium. The slow mass 
loss is obvious from the last three points in Figure 6-10, 6-11 and 6-13. The integrated 
intensity is not exact due to the T? issues because the profiles were constructed based on 
the echo sum method and not the exponential fitting.
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Figure 6-13: Total integrated NMR sum intensities across every profile against sample age. The solid red line is 
an exponential fit (plus offset) to the intensities that gives an indicative measure of the equilibrium time. The fit 
is of no physical significance since the intensities are only an approximate measure of water content and since an 
exponential decay is not a solution of the drying equation. The time constant is 60 +1 day. The sample was
judged to have equilibrated after 293 days.
After making sure that mass loss of the sample was slowed to effectively zero at 300 
days, and that the fluid flux had stabilised to an approximately constant rate and the 
integral intensity of the profiles was almost constant, it was judged that the sample had 
equilibrated. Figure 6-14 shows a profile of total porosity and its decomposition into 
capillary and gel water pores on a full based fitting analysis of the equilibrium profile of 
the cement paste sample. Capillary pore water is lost from all but the right hand side of 
the profile that was held at 98%. It is mainly gel water that can be seen in this profile. The 
capillary pores are almost entirely devoid of liquid water.
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Figure 6-14: Total filled porosity (triangles) and its decomposition into gel (circles) and capillary (squares) for 
the final (293 days assumed dynamic equilibrium profile of the 2.25 cm cement paste sample equilibrated at
15%-98% RH gradient.
6.3 Intrinsic permeability calculation
In this section, the simple permeability calculation discussed in chapter 3 is carried out. It 
is based on the filled porosity shown in Figure 6-14. The key equation (Darcy’s equation) 
for permeability was introduced in chapter three (equation 3.23 and 3.24) and it is 
repeated here for convenience. From the Darcy’s equation intrinsic permeability can be 
calculated as below:
K  = AlQju
AAP (6.2)
where K  is intrinsic permeability (m2), Q is fluid flow rate (m3/s), n  is dynamic viscosity 
(kg/ms), A  is cross section area (m2), I is sample length and P  is pressure (kg/ms2). 
Equation 6.2 could be rewritten as:
K  = Qfl dx dc dR 
A d cd R d P
(6.3)
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where x  is the position along the sample and c is the water concentration called filled 
porosity in this work and R is the relative humidity.
dxThe profile in Figure 6-14, total filled porosity, can be used to calculate—  at dynamic
dc
dc
equilibrium. —  is available from the sorption isotherm [134] in Figure 6-16. In [134] 
oR
they use the same low C3A cement and similar preparation (underwater cure; w/c = 0.4)
to that used in this work. In Figure 6-18, it is shown that —  is a constant derived
dP
according to the concepts of ideal gases. We look at the processing of data for each of 
these three terms in the following paragraphs.
a*The first step is to smooth the profile data. The reason is that —  is very susceptible to
dc
noise in the data. Two filters were used to smooth the data. The first filter removed 
negative gradients in so much as starting at the right hand side of the profile (“wet end”). 
The profile shape must be monotonie decreasing from right to left. The first intensity was 
taken. The second point was then kept if it was equal or less than the first point, otherwise 
it was made equal to the first. The process was repeated across the data set. Figure 6-15 
(a) shows the raw data and Figure 6-15 (b) after application of the 1st filter. The second 
filter worked as an averaging filter, based on Pascal’s triangle which approximates a 
Gaussian window at sufficiently high level. For this filter, the final and the start data 
points of the profile were both kept unchanged. The second and the third data points from 
both ends were filtered using the 3 and 5 point averaging filter respectively. The middle 
points of the sample profile were filtered using the 7 point averaging. The formulas are 
shown in Table 6-3.
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Table 6-3: Averaging filter used to make the sample profile smooth based on Pascal’s triangle rules [161].
3-
point
filter
5-
point
filter
h  + £ < W +  ^ ( h +2)
7-
point
filter
The smooth profile in Figure 6-15 (c) (green solid line) is the profile after application of 
the 2nd filter on the profile in Figure 6-15 (b). Figure 6-15 (c) is the profile that is used for 
further analysis of intrinsic permeability.
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Figure 6-15: Different steps of filtering data to make the profile smooth for further analysis, (a) is preliminary 
profile of the sample, (b) is the same profile after 1st filter applied and (c) is the same profile as (b) but 2nd filter
applied on it.
The second step is to fit the desorption isotherm. Two models were tried. The first is a 
BET model introduced in chapter 3, equation 3.7. The key equation is:
V _ , AP________ _
vm (Po-^ Ii+CA-ix/yPo] (6A)
where A is a constant, Vm is the volume of the adsorbed gas when the entire surface of the 
adsorbent is covered with a complete mono-molecular layer, V is the total volume of 
water, P  is vapour pressure and P0 is the saturation vapour pressure. The desorption 
isotherm fitted to the BET equation is shown in Figure 6-16.
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Figure 6-16: Desorption isotherm of a cement paste sample, blue filled square data points from [134], are fitted
to the BET model, red solid line, [29] and [45].
The fit is shown in Figure 6-16 in red solid line. The fit parameters are A = 342, Pq = 2980 
Pa and Vm = 0.053 cm3. The second model tried to fit the isotherm was the extended BET 
and the key equation is:
V  = ------------- VmlAlP------------- + --------------Vm2A2P-------------  „
(P01- P ) [ l  + <Al - i ) ( p / p0l )  (p Q 2 - p ) n  + (A2 - V ( p / p02)
The fit parameters are Ai = 330, P 0i = 2960 Pa, Vmi = 0.050 cm3, A2 = 400, P02 = 1530 Pa 
and Vm2 = 0.0003 cm3. The fit is shown in Figure 6-17. The extended BET was assessed 
since the cement paste has pores of two distinct sizes. However, since most of the 
observed water by GARField is from gel pore water, the signal fit is deemed inadequate. 
Also, this fit produces a non-physical value of Vng.
108
Chapter 6. Results for GARField ID  Profiling
&I
8
o
K
8 0.2
5oH 0.0
0 1000 2000
Pressure (Pa)
Figure 6-17: Desorption isotherm of a cement paste sample, blue filled square data points from [134], are fitted 
to the extended BET model, red solid line, [29] and [45].
Figure 6-18 shows the relation between R  and P  for water vapour at room temperature. 
The analytic expressions for the solid fit lines in Figures 6-16 and 6-18 as well as the
smooth data in 6-15 (c) enable analytic expressions to be evaluated for — , —  and
dR dP
dx
numeric methods for —  respectively. In these terms, c denotes liquid water
dc
dxconcentration within the sample. The product of the three gives —  and enables pressure
to be plotted as a function of position within the sample at dynamic equilibrium and this 
is shown in Figure 6-19.
After fitting the experimental data of desorption isotherm to the type II or BET model, 
then by fixing the three fit parameters and applying the BET equation to the GARField 
data (sample profile), the water vapour pressure for every position was calculated. The 
result is shown in Figure 6-19.
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Figure 6-18: Relationship between P and RH for water vapour at room temperature [162].
For this study, the total filled porosity (gel + capillary porosity) has been corrected to the 
relevant anhydrate cement and water masses of the cement paste sample prepared and 
measured for the permeability study.
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Figure 6-19: Water vapour pressure against the sample position for the equilibrium profile of the 2.25 cm 
cement paste sample equilibrated at 15%-98% RH gradient (using the simple BET fit to the isotherm).
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The fourth factor required to calculate the intrinsic permeability is the fluid flow rate, Q. 
The fluid flow rate is estimated from Figure 6-11 at long times. The fluid flux is
calculated as 2.8x10‘5 mol/m2s.
After finding the four terms in the Darcy equation, the intrinsic permeability using water 
transport for the cement paste sample was calculated for every position of the sample. The 
average value of intrinsic permeability found in this way for this sample was (9.58 ± 5.06) 
xlO"21 m2. Figure 6-20 shows the intrinsic permeability value as a function of 
concentration.
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Figure 6-20: Intrinsic permeability against position for the equilibrium profile of the 2.25 cm cement paste 
sample equilibrated at 15%-98% RH gradient (using the simple BET fit to the isotherm).
6.4 Relative permeability calculations of gas and liquid phases
In this section the NMR profiles of water concentration in cement pastes are analysed in 
terms of the relative permeability of gas and liquid water phases. Analyses are based on a 
theory introduced by Baroghel-Bouny et al. [98] [99] [100]. The background theory and 
the extended model derived from [98] [101] [102] have been discussed in detail in chapter 
3. Here, we only discuss a summary of the model. It was shown that in dynamic 
equilibrium the liquid saturation as a function of position is given by:
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(6.6)
with:
Patm a 
^ = ^ e x p
, - l /m J - m
sat  J M wa 1/m
P WRT  
f(<i>,s)=<i>x ( i - s ) y
-if"
hri (S) — S
*rg
1 / 2
(6.7)
(6.8)
(6.9)
(6 .10)
(6.11)
where K, cw, Dvq, tj, R  and T  are constants that were defined in chapter 3. The key 
assumptions underpinning these equations are that liquid transport is due to Darcy flow. 
There is no liquid diffusion as there are no ions considered. There is vapour diffusion
within the air. Also it is assumed that, at dynamic equilibrium —  = 0 .
dt
Table 6-4 shows the complete parameter set required for the Baroghel-Bouny model 
[98][101] and highlights the subset required to analyse the dynamic equilibrium profile 
data.
Table 6-4: Parameters used in the model with values of constant parameters.
Param eter Definition Value Unit
<P Porosity m'Vm3 Fitting parameter from 
isotherm
Mw Molar mass of water 0.018 kg/mol Constant
Pw Density of water 1000 kg/m3 Constant
Dvq Vapour diffusion 
coefficient in free air
2.47 x
10‘5
m2/s Constant
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C\vO Bulk water 
concentration
55500 mol/m3 Constant
P vO Vapour pressure in 
free air
2310 N/m2 Constant
R Gas constant 8.314 J/molK Constant
T Absolute temperature 293 K Constant
Patm Atmospheric pressure 101325 Pa Constant
CvO Vapour concentration 
in free air
0.944 mol/m3 Constant
v Dynamic viscosity oo Pa.s Constant
krl Relative permeability 
of liquid water
- - Calculated from fit parameters
k rg Relative permeability 
of gas
- - Calculated from fit parameters
Pi Liquid pressure - Pa Calculated from fit parameters
Py Vapour pressure - Pa Calculated from fit parameters
a Isotherm parameter - Pa Fitting parameter from 
isotherm
m Isotherm parameter - - Fitting parameter from 
isotherm
X Hindrance factor 
parameter
- - Fitting parameter from dynamic 
equilibrium profile
y Hindrance factor 
parameter
- - Fitting parameter from 
dynamic equilibrium profile
K Intrinsic permeability - m2 Fitting parameter from 
dynamic equilibrium profile
Jo Flux - mol/m2s Measured gravimetrically
V Darcy velocity - m/s Calculated from fit parameters
d Position - m From NMR data
S Liquid saturation - - From NMR data
h r Relative humidity - - Calculated from fit parameters
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The same cement paste sample (2.25 cm long equilibrated between 98% and 15% RH) 
discussed in the section 6.1.3 is used for further analysis of relative permeability here.
For this purpose, the first step is to calculate water diffusive molar flux. The value of 
water diffusive molar flux calculated for this cement paste sample is 2.8 x  10'5 mol/m2s.
A MatLab® code was provided to fit the experimental data of desorption isotherm to the 
model of van Genuchten [102] [98] using the MatLab® function Isqcurvefit.
< t ,2 >
For this purpose the NMR data of the desorption isotherm [134] was reworked based on 
gel and capillary porosity only and their sum was scaled in the range of zero to one to 
represent the gel and capillary saturation gives data separately for the solid, sheet, gel and 
capillary pores. As explained by [93], as water is removed from gel pores so the residual 
monolayer signal appears sheet like. To circumvent this, the extra signal appearing as 
sheet is added back to the gel porosity at reduced RH. The same is done for gel and 
capillary pores. Figure 6-21 shows a plot of the NMR saturation as a function of RH 
together with a best fit obtained using the MatLab® function called Isqcurvefit that solves 
nonlinear curve fitting problems in least-squares sense. The best fit for the cement paste 
sorption isotherm defines two of the fit parameters: a = 3.007 x 107 MPa and m  = 0.47.
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Figure 6-21: Desorption isotherm fit, red solid line shows the fit to the experimental data of desorption isotherm 
(filled squares). Dotted lines show changes in fitting with +10% changes in a (top dotted line above the red solid 
line) and +10% changes in m (bottom dotted line below the red solid line fit).
In Figure 6-21 blue filled squares are experimental data and red solid line shows the fit to 
experimental data. From this fit m and a can be calculated which are used in further 
calculations and the following analysis. Changing each of these parameters of m  and a by 
+10% does make changes to the fit. Changes in the m parameter makes a more significant 
change compared to changes in parameter a. After fitting the isothermal data, these 
parameters are now fixed in the code and the porosity value is taken from the isotherm fit 
before conversion to saturation. The value is 0.28 m3/m3 and it is very close to that found 
in Figure 6-14. Therefore, the fit parameters a, m and (f> are now defined and calculated.
The capillary pressure curve is an intrinsic property of the pore structure of the material. 
The presence of ions and other impurities in the pore solution do not influence the 
capillary pressure curve. This was shown by Baroghel-Bouny et al. [101].
The next step is to load MR dynamic equilibrium profile data measured by GARField. To 
fit the equilibrium profile, a MatLab® code was provided. The code is based on a 
simulated annealing algorithm. It guesses a set of parameters of x, y  and K  while 7, a, m 
and ^  are fixed. Then a fit to the equilibrium profile is calculated using equations 6.6 to
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6.10. An error function equal to the sum of the square residuals analogous to an “energy’ 
and a factor analogous to a “Boltzmann” factor are calculated as below:
residual2 = XXdata* -  fi t , )2
„  _ -residualFactor = exp(--------------- )
(6.13)
where Ta is an “annealing temperature”.
The provided MatLab® code of the profile fitting works in the following way. First a 
random guess set of the required parameters x, y  and K  is made. A fit is calculated and the 
“residual” or “energy” evaluated for a high value of the “annealing temperature”. Next, 
one of the three parameters of x, y  and K  is randomly changed. If energy decreases 
(downhill searching) it is accepted. If the energy increases, then the factor is compared to 
a random number in the range of 0 to 1. If it is greater than the random number, the new 
values are also accepted. The annealing temperature is reduced. This process allows the 
search to escape local minimum in the parameter space, see Figure 6-22 and to search for 
the global minimum. This loop is repeated until the result changes no more and then the 
whole process is repeated many times with new guess values to find the best values of 
parameters with minimum value of residual which should be the global minimum. This 
procedure is schematically shown in the diagram below:
Residual
Uphill Searching
/Current
parameter
Local minimum > Downhill Searching
Global m inimum
Parameter
Figure 6-22: Schematic diagram of the simulated annealing algorithm.
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This is also shown in a flow diagram to make it easier to follow the functionality of the 
algorithm.
End
No Yes
Calculate residual
Guess value
Random number 
< Factor
Reject new parameter
Energy increases
Has system 
converged?
Energy decreases
Accept new parameter
Random number >  
Factor
Change 1 parameter at 
random
Figure 6-23: Schematic flow diagram of the simulated annealing algorithm.
For this part of the analysis, there are three parameters available to change: x, y  and K  are 
the parameters that are changed to have better fit to the experimental data and the best fit 
is achieved when the residual is minimum.
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Table 6-5: The values of best fit parameters for different test guesses; the average best fit and absolute best fit.
Test X y f  (X10-2W ) Residual
1 3.03342 0.337608 6.22 0.00011493
2 3.04654 0.352272 6.76 0.00011506
3 2.15229 4.62371 9.44 0.00016444
4 2.90978 0.830893 7.23 0.00012145
5 3.04955 0.331083 6.73 0.00011493
6 2.11731 4.80818 9.30 0.000166201
7 2.85213 1.05706 7.44 0.000125075
8 3.0463 0.253922 5.78 0.000115078
9 2.98187 0.505878 6.44 0.000117968
10 2.45189 - 2.93836 8.58 0.000149062
11 2.9031 0.841049 7.15 0.000122046
12 2.92169 0.816126 7.35 0.00012072
13 2.97541 0.623517 7.32 0.000118309
14 2.35146 3.46147 8.94 0.000154643
15 3.03716 0.312708 6.15 0.000114883
16 2.43496 3.08334 9.06 0.000149454
17 2.95205 0.716958 7.46 0.000119514
18 3.0278 0.3345 6.11 0.00011553
19 2.60596 2.24537 8.47 0.000139768
20 2.86482 1.07646 7.98 0.000124611
21 2.93077 0.808994 7.58 0.000120669
22 2.61922 2.14959 8.20 0.000139413
23 2.12596 4.77496 9.04 0.00016596
24 3.08894 0.097736 5.31 0.000113592
Absolute best fit 3.08304 0.16933 5.99 0.00011312
Average best fit 2.782537 1.502043 7.44 0.000140691
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The apparent best fit parameters from a simulated annealing analysis vary between 
analyses. A range of 25 initial starting sets were randomly chosen. Table 6-5 shows the 
results and the best values. The table also highlights the average best fit and the absolute 
best fit found.
o
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Figure 6-24: MR Profile of a 22.5 mm cement paste sample (filled squares). The red line shows the fit to the 
experimental data with average fit parameters applied. The intrinsic permeability value is 7.44 x 10‘22 m2, 
average value of* is 2.782 and average value of y is 1.502.
Figure 6-24 shows the MR profile of a 2.25 cm cement paste sample and the fit to 
experimental data. Filled blue squares are experimental data and red solid line shows the 
fit to the experimental data normalised in the range of zero to one, representing liquid 
saturation. For this purpose saturation data points have been interpolated into equal 
intervals of 100 data points while corresponding values of position are no longer equally 
spaced.
Figure 6-24 shows the fit using the average value of the fit parameters. This is done by 
trying different sets of good (that gave minimum residual value) fit parameters for 25 
times and then the values are averaged. These average values are then put in the code to 
run and find the fit to the experimental which is shown in Figure 6-24. The intrinsic 
permeability value found with this average set of parameters is 7.44 x 10*22 m2 for this
119
Chapter 6. Results for GARField ID  Profiling
sample. With this approach, the average value of x  is 2.78 and the average value of y  is 
1.50.
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Figure 6-25: Sample MR Profile data (filled squares). The red line shows the fit to the experimental data with 
absolute best fit parameters applied that gives the least residual value. The intrinsic permeability value is 5.99 x
10"22 m2, x is 3.083 and y is 0.169.
Figure 6-25 shows the same MR profile as Figure 6-24 but the fit is achieved using the 
absolute best values of x, y  and K. The best values of these three parameters are obtained 
with the least value of residual. The values used are as follows: x  = 3.08, y  = 0.17 and K  = 
5.99 x 10"22 m2.
To find out more about the accuracy and precision of the fitting, best profile fit 
parameters are changed by ±10%. The fit is most sensitive to the x parameter and its 
changes with this parameter are shown in Figure 6-26 in green dotted lines. The dotted 
green line on the left hand side of the experimental data is when x is changed by +10% 
and the green dotted line on the right hand side is when x is change by -10%.
120
Chavter 6. Results for GARField ID  Profiling
§
0.5ea
0 0
0 .0
0 1 0 2 0 30
Position (mm)
Figure 6-26: Sample MR Profile data (filled squares). The red line shows the fit to the experimental data with 
best fit parameters applied that gives the least residual value. Two dotted green lines show the fit when the most 
sensitive fit parameter, x, is changed by +10% (upper dashed line) or -10% (lower dashed line)
Figure 6-27 shows that the best fit parameters from repeat analyses are correlated. 
According to these plots it is obvious that the fit parameters are highly correlated. The top 
left plot shows changes in intrinsic permeability, K, with changes in the y parameter. The 
top right plot shows changes in intrinsic permeability, K, with changes in the x parameter. 
And finally the bottom plot in Figure 6-26 shows a plot of the y and x  correlation.
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Figure 6-27: Fit parameter correlation. K  and y  relationship (top left), K  and x correlation (top right) and j-x
correlation (bottom) plot.
The values of three fit parameters of x, y  and K  and also knowing the value of porosity, (J) 
leads to values of the resistance factor as a function of saturation, S  according to the 
equation 6-9. Figure 6-28 shows the dependence of intrinsic permeability, K  on the 
resistance factor, f(S) calculated using the different best fit parameter sets for three 
different values of saturation chosen from wet end (top left), dry end (top right) and 
middle part of the sample (bottom left). It is seen that these are also correlated. For high 
saturation where the transport is primarily in the liquid state, the intrinsic permeability 
decreases as the hindrance factor increases. The reverse is true at low saturation where 
vapour transport dominates. This makes sense because/is  defined as the resistance factor 
for vapour diffusion, i.e. the concentration dependence of the vapour diffusivity in the air. 
If the vapour diffuses in air, then the Darcy flow can be for the same flux.
122
Chavter 6. Results for GARField ID  Profiling
10
9
8
7
6
5
0.010 0.0150.000 0.005
10
9
8
7
6
5
0.02 0.03 0.04
.KS) AS)
10
9
8
7
6
5 — 
0.00 0.020.01
0.020
0.015
0.010
0.005
0.000
0.5 1.00.0
AS)
Figure 6-28: Intrinsic permeability, K, against resistance factor,/(S) for S = 0.99 (top left), S = 0.101 (top right) 
and S = 0.501 (bottom left) for different best parameter sets showing how best parameters are correlated. Bottom 
right shows a plot of/(S) against saturation for the absolute best fit parameters.
The next step is to find the relative permeability values of gas and liquid as a function of 
saturation, S. For this purpose, the values of saturation found in the previous steps are put 
in the equations 6.10 and 6.11. The value of m in these equations is given from the 
isotherm fit from the earlier steps. Calculating the values of kri and krg, they can be plotted 
against saturation, S. Figure 6-29 and 6-30 show the relative permeability of gas and 
liquid respectively as a function of saturation.
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Figure 6-29: Relative permeability of gas as a function of saturation. When the sample is fully saturated, S= 1, 
relative permeability of gas is equal to 0 at its minimum.
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Figure 6-30: Relative permeability of liquid as a function of saturation. When the sample is fully saturated, S= 1, 
relative permeability of liquid is equal to 1 at its maximum.
From Figure 6-30 it is obvious that when the sample is fully saturated, S = 1, the liquid 
relative permeability value is at its maximum which is 1. The gas relative permeability is 
zero. At the dry end of the sample (left hand side of the graph) when saturation is very 
close to zero, the liquid relative permeability value is almost zero while the gas relative
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permeability is 1. This shows that liquid water transport dominates at the wet end and 
vapour transport dominates at the dry end.
The values of relative permeability of gas and liquid, krg and kri, calculated in the previous 
steps can be multiplied to the value of the intrinsic permeability, K  = 5.99 x 10"22 m2, also 
calculated from before to find gas and liquid permeability values as a function of 
saturation in m2. These results are shown in Figures 6-31 and 6-32.
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Figure 6-31: Log gas permeability as a function of saturation. The values ofA^ is multiplied by the intrinsic 
permeability value for this cement paste sample, K = 5.99 x 10'22 m2.
Figure 6-31 shows the values of krg multiplied by the value of the intrinsic permeability, K  
for this cement paste sample. It is quite obvious that the same principles explained in 
Figure 6-29 are applicable for this plot as well. The lowest gas permeability value occurs 
to be at the wet end (right side) while the biggest value is reserved for the dry end (left 
side).
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Figure 6-32: Log liquid permeability as a function of saturation. The values ofkr[ is multiplied by the intrinsic 
permeability value for this cement paste sample, K = 5.99 x 10'22 m2.
Figure 6-32 shows the values of kri multiplied by the value of the intrinsic permeability 
for this cement paste sample. There are again the same rules as it was for the Figure 6-30. 
Where the biggest value of liquid permeability is for the wet end (right side) and the 
lowest value occurs at the dry end of the sample (left side).
Figures 6-33, 6-34 and 6-35 show the consequence of fitting just the gel or just the 
capillary water porosity. Figure 6-33 shows a reasonable fit for the gel water isotherm and 
Figure 6-34 for the gel water profile. The best fit parameters for isotherm are: a = 5.07 x 
107 MPa and m = 0.48. The equilibrium profile fit parameters are: x = 2.47, y = 1.14 and
2 . 0 1  x 1 0 ' 22 m2.
In the case of the capillary porosity only, a good fit to the isotherm data cannot be found, 
Figure 6-34, for which a = 2.7 x 108 MPa and m = 0.5 but these are clearly meaningless. 
This shows that the gel porosity is critical to, and seemingly dominates the permeability.
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Figure 6-33: Isotherm fit for gel water only, filled blue squares show the experimental data and the red solid line
shows the fit to the experimental data.
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Figure 6-34:2.25 cm cement paste sample profile based on gel pore water only.
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Figure 6-35: Isotherm fit for cap water only, filled blue squares show the experimental data and the red solid line
shows the fit to the experimental data.
At this age of the cement paste sample (data was obtained with a mature cement paste 
sample at age over 2 0 0  days) capillary porosity is the least dominant and most of the 
filled porosity corresponds to sheet and gel porosity respectively.
6.5 Time dependence of profiles approaching dynamic equilibrium
In this section the equilibration time dependence of the profile is discussed.
Based on equation 3.43-47 and using the absolute best fit parameters from the equilibrium 
fitting, it is possible to calculate the profile shape during the equilibrium process. The 
results are shown in Figure 6-36 and compared to the experimental data. The data used is 
echo sum save that the peak on the extreme right has been ignored in the normalisation. 
This largely normalises to gel water.
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Figure 6-36: MR profiles of the 2.25 cm long cement paste sample simulated based on the equilibrium profile. 
The equilibrium profile, itself, was calculated based on a simulated annealing analysis from the previous section.
(a) is the initial profile of the sample at 28 days after mix, the next profiles were measured at 7,15,21,35,71, 
190,212 and 265 days after the 1st time measurement respectively (from (b) to (i)). The blue solid line is obtained 
from the model explained in chapter 3. The black squares are experimental data.
The fits are poor quality because echo sum is used and partly because of the limitations of 
the model. By comparing Figure 6-36 (i) to Figure 6-25, the difference is clear. Figure 6 - 
25 is constructed based on porosity and profiles in Figure 6-36 are constructed based on 
the echo sum data normalised to the maximum intensity of the peak on the extreme right 
of the equilibrium profile.
6.6 Relative permeability calculations of gas and liquid phases of other 
cement paste samples
The next cement paste sample considered is a 5.5 cm long cement paste sample. This 
sample was also prepared using low CgA white cement with w/c of 0.4. This sample has
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been kept at 15%-98% RH condition for 382 days after it was mixed. The water diffusive 
molar flux calculated for this sample is 1.46 x 10"5 mol/m2s. This value of flux is less than 
the value for the 2.25 cm cement paste sample discussed in the previous sections because 
this sample is longer. The same cement isotherm is also used for this set of analysis. 
Figure 6-37 shows the MR profile of this long sample and its fit. The best fit value of the 
intrinsic permeability for this sample is 8 . 8 8  x  10"22 m2. This value of the intrinsic 
permeability and the fit to the experimental data is obtained from the fit parameters of x =
3.01 and y  = 0.15 which give the best fit and minimum residual value.
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Figure 6-37: MR profile of a 5.5 cm cement paste sample and its fit. Filled blue squares show the experimental 
data and the red solid line is the fit to the experimental data. The fit is obtained with the best fit parameters and 
minimum residual value. The intrinsic permeability value obtained with this sets of fit parameters is 8.88 x 10"22
m2.
Figures 6-38 and 6-39 show the permeability values of gas and liquid respectively 
multiplied by the intrinsic permeability value of 8 . 8 8  x  10'22 m2. The plots are very 
similar to Figure 6-31 and 6-32 suggesting that the permeability is not greatly affected by 
sample length.
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Figure 6-38: Gas permeability as a function of saturation, showing that the dry end of the sample (left side) is 
almost gas transport dominant and in the wet end of the sample (right side), gas relative permeability is at its 
minimum. The values of krg is multiplied by the intrinsic permeability value for this cement paste sample, K =
8.88 x 10‘22 m2 to obtain these values.
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Figure 6-39: Liquid permeability as a function of saturation, showing that the wet end of the sample (right side) 
is almost liquid transport dominant and in the dry end of the sample (left side), liquid relative permeability is at 
its minimum. The values of kTi is multiplied by the intrinsic permeability value for this cement paste sample, K =
8.88 x 10'22 m2 to obtain these values.
The next cement paste sample is a 2.4 cm long cement paste sample comparably long to 
the first sample. This sample was prepared using low CgA white cement with w/c of 0.4
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and cured underwater for 28 days. This sample has been kept at 30%-98% RH condition 
for 224 days after it was mixed. The water diffusive molar flux calculated for this sample 
is 1.79 x 10"5 mol/m2s. This is less than the flux of the first sample because the RH 
gradient is less. The same cement isotherm is also used for this set of analysis. Figure 6 - 
40 shows the MR profile of this long sample and its fit. The “close up” on the smaller RH 
gradient range highlights the relatively poor profile fit shape, especially at high RH 
saturation. Although it was previously shown that K  is dominated by gel network, this is 
not necessarily true at high RH when the capillary pores are more likely to be filled. The 
primary issue is that the model does not address the “bimodal” nature of the pore size 
distribution but rather appears to assume a continuous distribution of pore sizes. The 
value of the intrinsic permeability for this sample is 1.01 x 10'21 m2. This value of the 
intrinsic permeability and the fit to the experimental data is obtained from the fit 
parameters o f*  = 3.70 and y = 1.31 which give the best fit and minimum residual value.
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Figure 6-40: MR profile of a 2.4 cm cement paste sample and its fit. Filled blue squares show the experimental 
data and the red solid line is the fit to the experimental data. The fit is obtained with the best fit parameters and 
minimum residual value. The intrinsic permeability value obtained with this sets of fit parameters is 1.01 x 10'21
m2.
Figures 6-41 and 6-42 show the permeability values for gas and liquid respectively 
multiplied by the intrinsic permeability value of 1.01 x 10"21 m2. When the sample is fully 
saturated which is the case in the right end of the sample (wet end) gas permeability is at
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its minimum and liquid permeability is at its maximum. In the left end of the sample (at 
30% RH), the gas transport is dominant and liquid permeability is at its minimum.
1
I
S
0
1
■2
■3
0.0 0.5 1.0
Saturation
Figure 6-41: Gas permeability as a function of saturation, showing that the dry end of the sample (left side) is 
almost gas transport dominant and in the wet end of the sample (right side), gas relative permeability is at its 
minimum. The values of krg is multiplied by the intrinsic permeability value for this cement paste sample, K =
l.Olx 10"21 m2 to generate these values.
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Figure 6-42: Liquid permeability as a function of saturation, showing that the wet end of the sample (right side) 
is almost liquid transport dominant and in the dry end of the sample (left side), liquid relative permeability is at 
its minimum. The values of kri is multiplied by the intrinsic permeability value for this cement paste sample, K =
1.01 x 10‘21 m2 to generate these values.
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The next cement paste sample is a 2.1 cm long cement paste sample. This sample was 
prepared using low C3A white cement with w/c of 0.4. This sample has been kept at an 
even lower RH gradient, 50%-98% RH condition for 229 days after it was mixed. The 
water diffusive molar flux calculated for this sample is 1.33 x 10"5 mol/m2s, again lower 
than expected. The same cement isotherm is also used for this set of analysis. Figure 6-43 
shows the MR profile of this long sample and its fit. The value of the intrinsic 
permeability for this sample is 5.20 x 10'22 m2. This value of the intrinsic permeability 
and the fit to the experimental data is obtained from the fit parameters o f x  = 6 . 7 4 4  and y 
= 6.265 which give the best fit and minimum residual value.
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Figure 6-43: MR profile of a 2.1 cm cement paste sample and its fit. Filled blue squares show the experimental 
data and the red solid line is the fit to the experimental data. The fit is obtained with the best fit parameters and 
minimum residual value. The intrinsic permeability value obtained with this sets of fit parameters is 5.20 x 10'22
m2.
Figures 6-44 and 6-45 show the permeability values for gas and liquid respectively 
multiplied by the intrinsic permeability value of 5.20 x ÎO 22 m2. The fact explained in the 
last two plots is also applicable on these two later plots of relative permeability against 
saturation. When the sample is fully saturated which is the case in the right end of the 
sample (wet end) gas permeability is at its minimum and liquid permeability is at its 
maximum. In the left end of the sample (at 50% RH), the gas transport is dominant and 
liquid permeability is at its minimum.
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Figure 6-44: Gas permeability as a function of saturation, showing that the dry end of the sample (left side) is 
almost gas transport dominant and in the wet end of the sample (right side), gas relative permeability is at its 
minimum. The values of krg is multiplied by the intrinsic permeability value for this cement paste sample, K  =
5.20x 10'22 m2 to generate these values.
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Figure 6-45: Liquid permeability as a function of saturation, showing that the wet end of the sample (right side) 
is almost liquid transport dominant and in the dry end of the sample (left side), liquid relative permeability is at 
its minimum. The values of krl is multiplied by the intrinsic permeability value for this cement paste sample, K =
5.20 x 1022 m2 to generate these values.
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The next cement paste sample is a 2.3 cm long cement paste sample. This sample was 
prepared using low CgA white cement with w/c of 0.4. This sample has been kept at a 
very low RH gradient, 80%-98% RH condition for 222 days after it was mixed. The water 
diffusive molar flux calculated for this sample is 4.921 x 10"7 mol/m2s. The same cement 
isotherm is also used for this set of analysis. Figure 6-46 shows the MR profile of this 
long sample and its fit. The value of the intrinsic permeability for this sample is 2.275 x 
10'23 m2. This value of the intrinsic permeability and the fit to the experimental data is 
obtained from the fit parameters of % = 3.784 and y = 8.936 which give the best fit and 
minimum residual value.
A few (2 or 3) data points at the wet end of the sample have been omitted. These may be 
the residual surface water and corrupt the fitting process.
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Figure 6-46: MR profile of a 2.3 cm cement paste sample and its fit. Filled blue squares show the experimental 
data and the red solid line is the fit to the experimental data. The fit is obtained with the best fit parameters and 
minimum residual value. The intrinsic permeability value obtained with this sets of fit parameters is 2.28 x 10'23
m2.
Figures 6-47 and 6-48 show the permeability values for gas and liquid respectively 
multiplied by the intrinsic permeability value of 2.28 x 10"23 m2. The fact explained in the 
last two plots is also applicable on these two later plots of relative permeability against 
saturation. When the sample is fully saturated which is the case in the right end of the
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sample (wet end) gas permeability is at its minimum and liquid permeability is at its 
maximum. In the left end of the sample (at 80% RH), the gas transport is dominant and 
liquid permeability is at its minimum.
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Figure 6-47: Gas permeability as a function of saturation, showing that the dry end of the sample (left side) is 
almost gas transport dominant and in the wet end of the sample (right side), gas relative permeability is at its 
minimum. The values of krg is multiplied by the intrinsic permeability value for this cement paste sample, K =
2.275 x nr23 m2.
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Figure 6-48: Liquid permeability as a function of saturation, showing that the wet end of the sample (right side) 
is almost liquid transport dominant and in the dry end of the sample (left side), liquid relative permeability is at 
its minimum. The values of krl is multiplied by the intrinsic permeability value for this cement paste sample, K  =
2.275 x 10-23 m2.
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6.7 Relative permeability calculations of gas and liquid phases of 
mortar samples
The next section is about mortar samples. First mortar sample is a 3.5 cm mortar sample 
with small sand size (150 pm < d < 300 pm). This sample was prepared using low CgA 
white cement with 5 : c\ w of 2:1:0.5. This sample has been kept at high RH gradient, 
15%-98% for 200 days after it was mixed. The water diffusive molar flux calculated for 
this sample is 6.01 x 10'5 mol/m2s. This value of flux is larger than the flux for 
corresponding cement paste sample, as expected, due to the larger porosity fraction and 
microcracks in mortar materials. The w/c for mortar is 0.5 and greater than the 
corresponding paste. Figure 6-49 shows the MR profile of this long sample and its fit. The 
value of the intrinsic permeability for this sample is 4.65 x 10'21 m2. This value of the 
intrinsic permeability and the fit to the experimental data is obtained from the fit 
parameters o f x  = 2.804 and y = 0.142 which give the best fit and minimum residual 
value. The parameters used for the mortar sorption isotherm fit are a = 2.5 x 107 MPa and 
m = 0.5. These are the parameters found for mortar samples by [101].
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Figure 6-49: MR profile of a 3.5 cm mortar sample and its fit. Filled blue squares show the experimental data 
and the red solid line is the fit to the experimental data. The fit is obtained with the best fit parameters and 
minimum residual value. The intrinsic permeability value obtained with this sets of fit parameters is 4.65 x 10'21
m2.
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Figures 6-50 and 6-51 show the permeability values for gas and liquid respectively 
multiplied by the intrinsic permeability value of 4.65 x 10'21 m2. This is significantly 
greater than for the cement paste as expected. It is similar to the value for sample M2 
found by [101]. M2 is high-performance mortar with w/c = 0.5 and s/c = 3, which 
includes limestone filter (f) and silica fume (sf) and f/c  = 0.18 and sf/c = 0.09. The fact 
explained in the last two plots is also applicable on these two later plots of relative 
permeability against saturation. When the sample is fully saturated which is the case in 
the right end of the sample (wet end) gas permeability is at its minimum and liquid 
permeability is at its maximum. In the left end of the sample (at 15% RH), the gas 
transport is dominant and liquid permeability is at its minimum.
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Figure 6-50: Gas permeability as a function of saturation, showing that the dry end of the sample (left side) is 
almost gas transport dominant and in the wet end of the sample (right side), gas relative permeability is at its 
minimum. The values of krg is multiplied by the intrinsic permeability value for this cement paste sample, K =
4.65 X10'21 m2 to generate these values.
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Figure 6-51: Liquid permeability as a function of saturation, showing that the wet end of the sample (right side) 
is almost liquid transport dominant and in the dry end of the sample (left side), liquid relative permeability is at 
its minimum. The values of krl is multiplied by the intrinsic permeability value for this cement paste sample, K  =
4.65 x 10"21 m2 to generate these values.
The next mortar sample is a 3.9 cm mortar sample with medium sand size (300 pm < d < 
600 pm). This sample was prepared using low CgA white cement with c: w of 2:1:0.5. 
This sample has been kept at 15%-98% RH condition for 220 days after it was mixed. 
The water diffusive molar flux calculated for this sample is 1.78 x 10"5 mol/m2s. The 
same mortar isotherm values are also used for this set of analysis. Figure 6-52 shows the 
MR profile of this long sample and its fit. The value of the intrinsic permeability for this 
sample is 1.83 x 10"21 m2. This value of the intrinsic permeability and the fit to the 
experimental data is obtained from the fit parameters of jc = 2.079 and y = 9.550 which 
give the best fit and minimum residual value. The parameters used for the mortar sorption 
isotherm fit are again a = 2 .5 x  107 MPa and m = 0.5.
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Figure 6-52: MR profile of a 3.9 cm mortar sample and its fit. Filled blue squares show the experimental data 
and the red solid line is the fit to the experimental data. The fit is obtained with the best fit parameters and 
minimum residual value. The intrinsic permeability value obtained with this sets of fit parameters is 1.83 x 10‘21
m2.
Figures 6-53 and 6-54 show the permeability values for gas and liquid respectively 
multiplied by the intrinsic permeability value of 1.831 x 10"21 m2. The fact explained in 
the last two plots is also applicable on these two later plots of relative permeability 
against saturation. When the sample is fully saturated which is the case in the right end of 
the sample (wet end) gas permeability is at its minimum and liquid permeability is at its 
maximum. In the left end of the sample (at 15% RH), the gas transport is dominant and 
liquid permeability is at its minimum.
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Figure 6-53: Gas permeability as a function of saturation, showing that the dry end of the sample (left side) is 
almost gas transport dominant and in the wet end of the sample (right side), gas relative permeability is at its 
minimum. The values of kTg is multiplied by the intrinsic permeability value for this cement paste sample, K =
1.83 x 10'21 m2 to generate these values.
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Figure 6-54: Liquid permeability as a function of saturation, showing that the wet end of the sample (right side) 
is almost liquid transport dominant and in the dry end of the sample (left side), liquid relative permeability is at 
its minimum. The values of kTi is multiplied by the intrinsic permeability value for this cement paste sample, K =
1.83 x 10'21 m2 to generate these values.
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The final mortar sample is a 3.35 cm mortar sample with large sand size (600 [im < d < 
1180 pm). This sample was prepared using low CgA white cement with 5 : c: w of 2:1:0.5. 
This sample has been kept at 15%-98% RH condition for 210 days after it was mixed. 
The water diffusive molar flux calculated for this sample is 2.59 x 10'5 mol/m2s. The 
same mortar isotherm values are also used for this set of analysis. Figure 6-55 shows the 
MR profile of this long sample and its fit. The value of the intrinsic permeability for this 
sample is 1.54 x 10'21 m2. This value of the intrinsic permeability and the fit to the 
experimental data is obtained from the fit parameters of jc = 3.654 and y = 0.390 which 
give the best fit and minimum residual value. The parameters used for the mortar sorption 
isotherm fit are again a = 2 .5 x  107 MPa and m = 0.5.
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Figure 6-55: MR profile of a 3.35 cm mortar sample and its fit. Filled blue squares show the experimental data 
and the red solid line is the fit to the experimental data. The fit is obtained with the best fit parameters and 
minimum residual value. The intrinsic permeability value obtained with this sets of fit parameters is 1.54 x 10"21
m2.
Figures 6-56 and 6-57 show the permeability values for gas and liquid respectively 
multiplied by the intrinsic permeability value of 1.54 x 10"21 m2. The fact explained in the 
last two plots is also applicable on these two later plots of relative permeability against 
saturation. When the sample is fully saturated which is the case in the right end of the 
sample (wet end) gas permeability is at its minimum and liquid permeability is at its
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maximum. In the left end of the sample (at 15% RH), the gas transport is dominant and 
liquid permeability is at its minimum.
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Figure 6-56: Gas permeability as a function of saturation, showing that the dry end of the sample (left side) is 
almost gas transport dominant and in the wet end of the sample (right side), gas relative permeability is at its 
minimum. The values of krg is multiplied by the intrinsic permeability value for this cement paste sample, K =
1.54 x 10'21 m2 to generate these values.
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Figure 6-57: Liquid permeability as a function of saturation, showing that the wet end of the sample (right side) 
is almost liquid transport dominant and in the dry end of the sample (left side), liquid relative permeability is at 
its minimum. The values of kri is multiplied by the intrinsic permeability value for this cement paste sample, K =
1.54 x 10'21 m2 to generate these values.
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6.8 Conclusion
In general the Baroghel-Bouny model fits the mortar samples better than the cement 
pastes. This may be because the mortar material has greater porosity and a much wider 
distribution of pore sizes due to the presence of aggregates that causes microcracking. 
The intrinsic permeability parameters found are similar to sample M l  discussed in [101] 
but the intrinsic permeability is smaller than for Baroghel-Bouny samples M \N  and M IN  
by about a factor of 10.
The intrinsic permeability parameters for cement pastes are similar to those measured by 
beam bending methods by Scherer and co-workers [109][110]. These are amongst the 
lowest values reputed in literature and are often considered the “best” for cement paste 
because there is no need for sample drying or any other sample preparation which 
changes sample structure. The values are expected to be very low due to the very small 
(nano-scale) pore sizes in cement paste.
Table 6-6 shows the values of fit parameters and intrinsic permeability for all of the 
samples analysed in this chapter to compare them together. The NA sign shown in Table 
6-6 is due to very poor quality fit obtained using the values of x  and y.
In this work some of the samples measured are presented. For the rest of the samples, the 
measurements are complete but the analysis showed that there is a problem with the 
sample preparation and storage. There are evidences showing that the sample is not sealed 
perfectly from the sides and therefore, the sample is uniformly drying along the length. 
Where, in normal cases the sample should be sealed from the sides and there must not be 
drying from the sides of the sample and the sample is only drying from one end. There is 
also some issues with uniformity of the samples and some of the samples are not 
homogenous enough to be considered.
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Table 6-6: Comparison of fit parameters of different samples with different materials at different RH conditions.
RH
condition Sample
Absolute
Best
Intrinsic
Permeability
(xl0"22m2)
Absolute 
Best x
Absolute 
Best y Residual
(xlO-4)
Intrinsic 
Permeability 
(xlO*22 m2) 
with fixed 
x=2.75 and 
y=1.66
Residual
(xlO'4)
Diffusive
Molar
Flux
(xlO'5
mol/m2s)
Cement
15%-
98%
paste
22.5
mm
5.99 3.08 0.17 1.13 8.55 1.3 2.78
30%-
98%
Cement 
paste 24 
mm
10.1 3.70 1.31 5.75 6.02 5.7 1.79
50%-
98%
Cement 
paste 21 
mm
5.20 6.74 6.27 6.24 6.46 3.4 1.33
80%-
98%
Cement 
paste 23 
mm
0.228 3.784 8.937 4.02 N A N A 0.049
15%-
98%
Cement 
paste 55 
mm
Mortar
00oo00 3.01 0.15 3.46 12.6 4.6 1.46
15%-
98%
Small 
sand 
35 mm
Mortar
46.5 2.80 0.14 2.72 56.1 3.1 6.01
ÉI Medium sand 
39 mm
Mortar
18.3 2.08 9.55 4.33 11.2 6.6 1.78
É1 Largesand
33.5
mm
15.4 3.65 0.39 2.27 6.29 7.7 2.59
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Chapter 7
7. Results for micro-imaging on mortar
7.1 Overview
Pore blocking phenomenon and water uptake hysteresis during drying-wetting cycles in 
mortar materials will be discussed in this chapter. As it has been discussed in chapter 3, 
the transport diffusion coefficient of water is a key parameter characterising the 
mechanical properties and durability of cement-based materials. In this chapter water 
diffusion is monitored for mortar samples with different sand sizes using the 60 MHz 
horizontal magnet supported with a magnetic field gradient set. This chapter will focus on 
the results obtained by the horizontal magnet (60 MHz) using the SPRITE pulse 
sequence.
7.2 Magnetic resonance micro-imaging on mortar materials
Mortar samples are prepared according to the sample preparation procedure explained in 
chapter 5. The length of the samples measured is 70 ± 1 mm and the diameter is 24.5 ± 
0.5 mm. The sample was weighed and then the MR profile of the sample obtained using 
the SPRITE pulse sequence in the magnet. Water ingress and drying were studied. A full 
description of the theory behind the SPRITE pulse sequence and how it functions are 
explained in chapter 4.
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7.2.1 Latex and saturated sand samples
There is a rubber sample prepared as explained previously in chapter 5. The length of the 
rubber sample measured was 190 mm. The rubber sample is measured before and after 
every set of measurement as a reference sample. A typical rubber profile is shown in 
Figure 7-1.
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Figure 7-1: MR profile of the 190 mm rubber sample before normalisation and fitting.
As it is shown in Figure 7-1 the rubber profile is not fiat. The reason is the nonlinear 
gradient and non-uniformity of the r.f. pulses. The profile is then fitted to a quadratic 
function (y = a {x - b )2 + c) to remove the round shape on top of the profile and make the 
profile flat in the middle. The quadratic fit is shown in Figure 7-2.
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Figure 7-2: Dotted line is used to correct the rubber profile (blue solid line).
Then the profile is normalised to 1. The normalised profile is shown below in Figure 7-3.
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Figure 7-3: Fitted MR profile of the 190 mm rubber sample normalised to 1.
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The saturated sand sample (190 mm long) was also measured. The diameter of the 
saturated sand sample was the same as the rubber and mortar samples. The NMR signal 
intensity from the saturated sand sample is less than the NMR signal from a mortar 
sample. This happens due to the difference in Pa. The Pa used for saturated sand sample 
was 4 ps and for the mortar sample was 8  ps. In SPRITE, which is a form of steady state 
free precession experiment the signal intensity is given as a function of T\ values using 
equation 7.1 [158].
1 -  exp(—^ - )  • cos(y5) 
- Tl
sin(y5) (7 .1 )
where Mx(0 ) is the initial amplitude of the free induction decay, T\ is the longitudinal 
relaxation time, Ta is the gap between r.f. pulses and /? = 90° x PJPgo-
The sand porosity was calculated by the gravimetric method having the masses of the dry 
sand and the amount of doped water added to saturate the sand. The value found in this 
way is 33%. Figure 7-4 shows the saturated sand profile corrected to a quadratic function 
and normalised to the gravimetric saturated sand filled porosity. Knowing the saturated 
sand porosity and using the equation 7.1 the NMR detected water of the mortar samples 
can be obtained. For t« = 2000 ps, this is mainly evaporable water and so is equated to the 
water filled porosity.
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Figure 7-4: Fitted MR profile of the 190 mm saturated sand sample.
7.2.2 Medium sand size mortar sample
A mortar sample was prepared 28 days in advance of experiments. The sand size used 
was the medium size according to the sand size category for the whole work explained in 
chapter 5 (300 pm < d<  600 pm). The type of the cement powder used for samples in this 
chapter is white low C3A cement provided from Aalborg Portland Malaysia. The sample 
preparation method used for this sample has been explained in chapter 5. The sample was 
kept in a sealed condition (sealed cured) for 28 days. After 28 days the Perspex moulds 
were cut away and the ends of the sample were cut off square.
The MR profile of the sample was recorded after curing. Then the sample is put in an 
oven at 40°C equipped with a vacuum pump at 100 mbar to dry the sample. The vacuum 
pump was used to avoid carbonation. The sample was weighed everyday during the time 
it was kept in the oven to monitor the mass of the sample. When the mass of the sample 
was not changing anymore the sample was removed from the oven and wrapped in a layer 
of sealing film to measure as dry. Then the water supply setup was attached to one end of 
the sample using a tight sealing rubber piece. The rubber piece and the water reservoir 
were kept out of the NMR coil to avoid any interference with the NMR signal from the 
mortar sample. This was to make sure there is no leakage from the water head to the side
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of sample. The whole system (water set up and sample) was placed in the middle of the 
coil of the 60 MHz horizontal magnet. The sample was placed in such way that the 
wetting end of the sample is at the beginning of the coil. After this process, 80 ml of 
distilled water is poured into one of the two bottles connected to the water head (the one 
connected to the lower hole of the water head) and the wetting process starts immediately 
after water is poured in. There was another open bottle connected to the water head to let 
the trapped air in the water head out. The measurement starts with MR profiles being 
recorded every 5 minutes. The recording interval is extended in such a way that the 
sample is measured once a day in later measurements because the water uptake rate is 
more stable and slower than the initial measurements. A summary of the procedure is 
shown in Figure 7-5.
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cure for
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Figure 7-5: Schematic event sequence from sample preparation to NMR measurements. From top to bottom, left 
hand side shows (a) sample preparation; (b) sample curing; (c) sample ends were cut; and (d) sample weighing 
before NMR measurements. Left shows: (e) mortar sample was measured in the magnet as fresh; (f) sample 
drying; (g) sample was measured as saturated after the wetting cycle was complete (profiling) and the close up of 
the water supply head when it was attached; and (h) sample was weighed and ready for the next round of 
measurement. Steps/to h repeats until the measurements are complete for samples.
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The raw data is the NMR signal intensity against gradient strength. After the 
measurement is completed and data is collected, the data is Fourier transformed and the 
magnitude data is then obtained as NMR signal intensity against frequency. Frequency 
can be changed to position knowing the length of the sample given that the effective 
gradient strength is unknown.
After the Fourier transform, the magnitude profiles are plotted and this can be seen in 
Figure 7-6. This figure does not include all of the profiles measured due to the similar 
information obtained from them. The profiles shown in Figure 7-6 are the ones with 
significant difference in the profile shape and NMR signal intensities.
Top left shows the MR profile of the wet mortar sample after cutting and before drying in 
the oven. Top right shows the MR profile of the dry mortar sample after drying in the 
oven. Bottom left are the MR profiles of the mortar sample during the wetting cycle. 
From bottom to top (lower intensities to higher intensities); 1st profile is the MR profile of 
the sample immediately after water reached the ingress end of the sample (the distilled 
water poured into the container). Water enters from the left. The 2nd one is after 30 min. 
The next profiles shown are measured at 1 hour, 6  hours, 1st, 2nd, 3rd, 4th, 5th, 6 th, 7the 
and 8 th days after water was poured in. Bottom right shows the MR profile of the 
saturated mortar sample after the wetting cycle is complete.
This process of measurements continues until water ingress stops in the sample. This 
estimation of stopping time was obtained by checking and comparing the NMR signal 
intensity in every measurement. During the whole time of measurements, the sample 
remained in the same position and condition in the magnet without moving. The water 
container was continuously checked to make sure that it contains water at all times. The 
wet sample is measured after the whole experiment is disconnected from the water head 
and sealed in a Duraseal film. The glass containing the NMR coil and the sample is 
checked regularly for assurance that there is no water leakage from the sides of the 
sample and from the joints of the sealing rubber piece. This check is done through the 
whole process of measurement more than twice a day.
After the measurements are complete and the NMR signal intensity of the sample is no 
longer changing with time, the sample is measured one last time as the saturated sample 
with the water supply setup still attached. Then the sample is again removed, weighed and 
wrapped in a layer of sealing film to avoid water evaporation. The sample is measured as
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the saturated sample without the water supply setup attached this time. This measurement 
is done in order to assess the contribution of the water plumbing to the profile and 
compare the MR profile of the saturated sample after the water diffusion study to the 
initial fresh sample profile measured before the study begins.
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Figure 7-6: Top left: MR profile of the 7cm wet mortar sample after cut and before drying in the oven. Top 
right: MR profile of the dry mortar sample after drying in the oven. Bottom left: MR profiles of the mortar 
sample during the wetting cycle. From bottom to top (lower intensities to higher intensities); 1st profile is the MR 
profile of the sample after water reached the end of the sample (distilled water was poured into the container). 
The 2nd one is after 30 min. The next profiles shown are measured at 1 hour, 6 hours, 1st, 2nd, 3rd, 4th, 5th, 6th, 
7the and 8th days after water reached the end of the sample respectively. Bottom right: MR profile of the 
saturated mortar sample after the wetting cycle is complete. Data is normalised to saturated sand porosity.
The very tiny peaks seen in the base line of each profile are the artefacts. These peaks can 
be generated from the tiny amount of the sealing film wrapped around the ends of the 
sample for sealing purposes and to keep the sample level in the magnet. The other reason 
for artefacts is a lack of magnetic field homogeneity along the sample length. The 
magnetic field homogeneity can be disturbed by the sample materials or by the
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imperfection in homogeneity of the magnetic field and magnetic field gradients originally 
caused because of the manufacturing issues.
The water ingress process is also checked by plotting area below the profiles as a function 
of time to monitor changes and find the point at which the process is slowed down. They 
are plotted against wetting time as it is shown in Figures 7-7.
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Figure 7-7: Area below the 1st time MR profiles measured at different wetting times for the 7cm medium sand
size mortar sample.
Figure 7-7 suggests two time regimes; early and late. The early regime is from 0 minute 
to about 400 minutes and the late regime starts from about 400 minutes until the end of 
measurements. At this point after making sure that the sample is almost saturated it is 
decided to finish the measurements and remove the sample for the further measurements. 
The integral intensity is proportional to the uptake water content. To get more information 
water front distance from the ingress end of the sample was monitored in more detail.
The water uptake can be also monitored by plotting the water penetration distance against 
time. For this purpose the point in the position axis with certain signal intensity is 
(arbitrarily) chosen at 0.15 cc/cc and it is monitored for every profile. The distance (the 
length of water ingress) is measured from the end of the sample at which the water source 
is connected (-4 cm position). Figure 7-8 shows the water front distance increasing with
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time for the medium sand size mortar sample profiled for the first time. It stops in the 
final measurements when the water has reached the other end of the sample. Then it was 
decided to finish the measurements as the sample is almost fully saturated. However, as 
Figure 7-7 shows, the sample is not fully saturated and mass continues to increase. The 
water reaches the far end of the sample in about 8  days.
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Figure 7-8: Water penetration distance inside the sample (water ingress) measured from the 1st time MR profiles
for different wetting times.
The distance analysis showed three time regimes. The indicative measure of transport 
diffusion coefficient is calculated according to equation 3.10 in 1 dimension. This is done 
based on the gradient of two distinct regions in Figure 7-8. For the first region from time 
0 min up to 8 8  min, indicative D  is 3.2 x  10"7 m2/s. For the second region from time 168 
min to 6  days the indicative D  is found as 7.05 x 10"9 m2/s.
It is not immediately obvious why there are two diffusion coefficients drawn from the 
distance travelled by the water front at a particular intensity. If there is only one transport 
“process” then only one coefficient should be expected, even if D is a function of water 
content. One explanation is that the surface of the sample is more micro-cracked than the 
interior. In this case, water is rapidly absorbed into surface layers by capillary absorption 
in the early stages. Later, as water penetrates the bulk with fewer cracks, it slows down. 
Another possibility is that the early ingress carries “fines”-fine particulate matter into the
40 600 2 0 80 1 0 0  1 2 0
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pore space and blocks the pore space. This slows the later ingress. However, the shapes of 
the first set of profiles are fairly smooth without a step so this seems less likely for the 
first set.
After the saturated sample is measured in the end of the 1st time measurement, the sample 
was returned back in the oven equipped with vacuum to dry at 40°C and 100 mbar. The 
drying procedure repeated from the beginning, as explained above, until the sample was 
not changing mass. After removing the sample from the oven, it was weighed and 
measured in the magnet as dry.
Then the same end of the mortar sample as shown in Figure 7-6 was attached to the water 
supply setup, and the sample is measured frequently as before (every 5  minutes in the 
beginning and every day in later measurements). The NMR signal intensity is normalised 
to the saturated sand signal porosity. After the measurements were complete the sample 
was removed from the magnet, weighed and wrapped in a layer of sealing film to avoid 
water evaporation. Immediately after, the sample was measured as saturated. This data set 
was obtained from the 2 nd time measurement is labelled as the 2 nd time profiling.
Some of the MR profiles with significant differences in the profile shape and the NMR 
signal intensities are shown in Figure 7-9. This figure does not include all of the profiles 
measured due to the similar information obtained from them. Top left shows the MR 
profile of the dry mortar sample after drying in the oven. Top right shows the MR profiles 
of the mortar sample during the wetting cycle. From bottom to top (lower intensities to 
higher intensities); 1st profile is the MR profile of the sample after water reached the end 
of the sample (the distilled water poured into the container). The 2nd one is after 30 min. 
The next profiles shown are measured at 1 hour, 3 hours, 6  hours, 1st, 2nd, 3rd, 4th and 
5th days after water reached the end of the sample respectively. Bottom right shows the 
MR profile of the saturated mortar sample after the wetting cycle is complete.
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Figure 7-9: MR profiles of the same 7cm mortar sample as shown in Figure 7-6 and from the same end attached 
to the water supply setup. The sample is measured at different times of the re-wetting process for the 2nd time. 
Data is normalised to saturated sand such that the saturated sand intensity is 1. Top left shows the MR profile of 
the dry mortar sample after drying in the oven. Top right shows the MR profiles of the mortar sample during 
the wetting cycle. From bottom to top (lower intensities to higher intensities); 1st profile is the MR profile of the 
sample after water reached the end of the sample (the distilled water poured into the container). The 2nd one is 
after 30 min. The next profiles shown are measured at 1 hour, 3 hours, 6 hours, 1st, 2nd, 3rd, 4th and 5th days 
after water reached the end of the sample respectively. Bottom right shows the MR profile of the saturated
mortar sample.
In the 1st time profiling, the sample got wet and water penetrated into the sample as the 
wetting time increases until the sample was completely wet. The profiles of the saturated 
sample before the wetting experiment started and immediately after the wetting 
experiment are very similar in shape and intensities. The NMR intensity of the saturated 
sample after the wetting experiment was a little bit lower than the one measured before 
the experiment. The reason would be due to the structural changes during the drying time 
in the oven. The sample was dried in the vacuum oven at 40°C. Although, the temperature 
was chosen to be low to avoid any structural damage in the sample, there is still a 
minimal structure change due to the drying process and some of the pores walls’ may 
collapse when emptied of water. As some of the pores are destroyed or the pore network
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and their connectivity is damaged during the drying process, while the sample is saturated 
there are probably less voids to be filled and that is why the NMR signal intensity is 
slightly lower than the fresh sample intensity. In the 1st time measurement, there is no 
great evidence of pore blocking as water penetrates through the whole length o f sample as 
time passes.
In the second time profiling, the dry sample profile is still more or less square showing 
good sample alignment and no effect of significant structural damage. The profile shapes 
are more triangular than in the first wetting measurements. As shown in Figure 7-9, water 
penetrated through the sample but no more than a certain distance from the wetting end. 
This can be due to the pore blocking phenomenon. As water diffuses, it carries other 
particulates as well. These impurities move with water along the sample length and at 
some point they block the water penetration and water diffusion stops. For this part the 
NMR signal intensity of the saturated sample is slightly lower than the 1st time profiling 
because of the same reason explained above about the structural damage during the oven 
drying process and it also occurs due to the less amount of water penetrates through the 
sample length (less water uptake).
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Figure 7-10: Area below the 2nd time profiles measured at different wetting times for the 7cm medium sand size 
mortar sample (open blue squares) and area below the 1st time profiling (filled blue squares).
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Figure 7-10 shows the area calculated from the MR profile of the sample measured for the 
2nd time. It is clear that there are two time regimes; early regime up to 400 minutes and 
later one is after 400 minutes of water ingress. The water penetration distance from the 
end of the sample is shown in Figure 7-11. As it can be seen in Figure 7-9, the water 
penetration is quite quick in the first 6  hours of the wetting process. Unlike the first 
wetting cycle, the water gets almost all the way across in the first 6  hours. There is a 
slight kink in the data at about 4 hours at the point where the first wetting cycle slowed 
down. This may be the point where a blockage formed in the first cycle.
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Figure 7-11: Water penetration distance inside the sample for the first time measurements (filled blue squares) 
and for the 2nd time measurements (open blue squares).
For the second time measurements and for the first time regime within them from time 0 
min up to 8 8  min, indicative D  is 2.55 x 10"7 m2/s. For the second region from time 168 
min to 8558 min the indicative D  is found as 2.54 x 10'7 m2/s. The first regime for both of 
the measurements remains almost without difference. The indicative D  for the second 
regime is bigger than the value of indicative D  for the first time measurements. This is a 
very interesting fact as the blocked point inside the sample has been moved to a slightly 
further length of the sample this time.
For the 3rd time profiling the same procedure discussed so far was repeated except that the 
water was connected to the other end of the sample. The sample was removed from the
■ ■
162
Chavter 7. Results for Micro-Imasins on Mortar
oven after it was completely dry. It was wrapped in a layer of the sealing film. Then it 
was measured as the dry profile. Then the water supply was attached to the other end 
(opposite end of the sample) and the sample was measured according to the experiment 
timing explained before.
The profile of the sample is shown in Figure 7-12. Top left shows the MR profile of the 
dry mortar sample after drying in the oven. The profile is lower than before suggesting 
more water has removed and therefore a more open or connected (crack) porosity. Top 
right are the MR profiles of the mortar sample during the wetting cycle. From bottom to 
top (lower intensities to higher intensities); 1st profile is the MR profile of the sample after 
water reached the end of the sample (the distilled water poured into the container). The 
2nd one is after 30 min. The next profiles shown are measured at 1 hour, 3 hours, 6  hours, 
12 hours, 1st, 2nd, 3rd, 4th, 5th, 6 th, 7th, 8 th, 9th, 10th and 11th days after water reached 
the end of the sample respectively. Bottom right shows the MR profile of the saturated 
mortar sample after the wetting cycle is complete.
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Figure 7-12: MR profiles of the same 7cm mortar sample as shown in Figure 7-6 but from the opposite end 
attached to the water supply setup. The sample is measured at different times of the re-wetting process for the 
3rd time. Data is normalised to saturated sand porosity. Top left shows the MR profile of the dry mortar sample 
after drying in the oven. Top right shows the MR profiles of the mortar sample during the wetting cycle. From 
bottom to top (lower intensities to higher intensities); 1st profile is the MR profile of the sample after water 
reached the end of the sample (the distilled water poured into the container). The 2nd one is after 30 min. The 
next profiles shown are measured at 1 hour, 3 hours, 6 hours, 12 hours, 1st, 2nd, 3rd, 4th, 5th, 6th, 7th, 8th, 9th, 
10th and 11th days after water reached the end of the sample respectively. Bottom right shows the MR profile of 
the saturated mortar sample after the wetting cycle is complete.
It can be seen in Figure 7-12 that the water ingress remains almost without a change after 
the 1st day. Comparing the 2nd time profiling to the 3rd time profiling, we can conclude 
that the water ingress from the opposite end of the sample continues up to the point that 
the pore blocking occurred. The profiles show a distinctive “square” water front. The 
water front moves in slowly. There is an advance of water at a lower concentration ahead 
of the front. There is a second front at 56.85 mm that is not moving. This is a new block 
perhaps due to the fine particulates from the right hand side. Second block is where the 
original block from left side occurred. The schematic diagram in Figure 7-13 shows this 
sequence in two stages.
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Figure 7-13: Schematic view of the blocking sequence. The top picture shows the mortar sample exposed to 
water for the first time. The first blockage appeared during this cycle. The bottom picture shows the same 
sample exposed to water from the opposite end (third wetting cycle). The new blockage appeared at this stage.
In Figure 7-9 we showed that water does not penetrate through the whole length of the 
sample and it is blocked at some point. When the sample is turned and the water supply is 
connected to the opposite end of the sample (in Figure 7-12) water ingress is again up to 
the same point we observed in Figure 7-9. Although the sample is kept inside the magnet 
connected to the water supply at all time until the cycle was complete. Figure 7-14 shows 
the integral intensity of the MR profiles against time for different cycles.
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Figure 7-14: Area below the 3rd time profiles measured at different wetting times for the 7cm medium sand size 
mortar sample (filled black triangles), area below the 2nd time profiling (open blue squares) and for the 1st time
profiling (filled blue squares).
There are again two time regimes according to Figure 7-14. Figure 7-15 shows an 
analytical data of water penetration distance plotted against the wetting time.
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Figure 7-15: Water penetration distance inside the sample (water ingress) measured from the 3rd time MR 
profiles for different wetting times (filled black triangles) and data from the 2nd time cycle (open blue squares) 
and data from the first time cycle (filled blue squares). The third cycle (filled black triangles) is water ingress 
from the opposite end of the sample in the other direction. Hence, ingress starts at 70 mm.
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Figure 7-15 shows two time regimes unlike the two previous cycles. The first time regime 
is from 0 min until 400 minutes. As for the two previous cycles, and the second time 
regime starts from 400 minutes until the 11th day. The indicative diffusion coefficient for 
the first region is 3.33 x 10"9 m2/s. For the second region the indicative diffusion 
coefficient is 3.2 x  10"10 m2/s.
In the end of the whole process of re-wetting, the sample was removed from the magnet, 
weighed and measured as saturated while it is covered in a layer of the sealing film. Then 
it was put back in the oven to dry for the fourth time. Then, the sample was removed from 
the oven and measured as dry in the magnet. The water supply was connected to the end 
of the sample at which the initial wetting measurement (the 1 st time profiling and the 2 nd 
time profiling) was done.
The same mortar sample was exposed to water again and it was measured for the 4th time. 
Figure 7-16 shows the profiles obtained from these measurements. Top left shows the MR 
profile of the dry mortar sample after drying in the oven. Top right shows the MR profiles 
of the mortar sample during the wetting cycle. From bottom to top (lower intensities to 
higher intensities); 1st profile is the MR profile of the sample after water reached the end 
of the sample (the distilled water poured into the container). The 2nd one is after 30 min. 
The next profiles shown are measured at 1 hour, 3 hours, 6  hours, 12 hours, 1st, 2nd, 3rd, 
4th, 5th, 6 th and 7th days after water reached the end of the sample respectively. Bottom 
right shows the MR profile of the saturated mortar sample after the wetting cycle is 
complete.
167
Chavter 7. Results for Micro-Imasins on Mortar
0.8 
|  0.7
y
Ôrj 0.5
u 0.4S-
>■ 0.3
5 0.2-
"8 o.i -
0.0
-15 -10 ■5 0 5 10 15
0.8
0.7
8 a 6  
O 0.5
af
3 
3  0.3
0.4
8
0.0
-15 -10 ■5 0 5 10 15
Position (cm) Position (cm)
0.8
S'
!  0.7
g  0.6
o  0.5
af
u 0.43
3  0.3
a 0.2
0.1
Ü- 0.0
-15 -10 ■5 0 5 10 15
Position (cm)
Figure 7-16: MR profiles of the same 7cm mortar sample as shown in Figure 7-6 and from the same end attached 
to the water supply setup. The sample is measured at different times of the re-wetting process for the 4th time.
Data is normalised to saturated sand porosity. Top left shows the MR profile of the dry mortar sample after 
drying in the oven. Top right shows the MR profiles of the mortar sample during the wetting cycle. From bottom 
to top (lower intensities to higher intensities); 1st profile is the MR profile of the sample after water reached the 
end of the sample (the distilled water poured into the container). The 2nd one is after 30 min. The next profiles 
shown are measured at 1 hour, 3 hours, 6 hours, 12 hours, 1st, 2nd, 3rd, 4th, 5th, 6th and 7th days after water 
reached the end of the sample respectively. Bottom right shows the MR profile of the saturated mortar sample
after the wetting cycle is complete.
As it can be seen from Figure 7-16 the profile shapes are square. Figure 7-16 shows that 
the water head reached the blocked area of the sample within 3 days and water was 
blocked in that area for another 2 days. This is the 2nd time that the sample is exposed to 
water from this end after the pore blocking phenomenon occurred (2nd time and 4 th time 
profiling). Also the sample is exposed to water from the other end as well after the pores 
were blocked (3ld time profiling). But, this time and after 2 days that water head remained 
behind the blocked area, it finally opened its way and water diffused through the whole 
length of the sample.
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Figure 7-17 shows the analytical data provided to support the discussion above about 
water diffusion in the mortar sample measured for the 4th time. There is only one time 
regime with steeper slope as the water has cleared its way and now diffuses faster and 
homogeneously along the sample length.
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Figure 7-17: Area below the 4th time profiles measured at different wetting times for the 7cm medium sand size 
mortar sample (filled black circles). And for the 3rd time profiling (filled black triangles), area below the 2nd 
time profiling (open blue squares) and for the 1st time profiling (filled blue squares).
Figure 7-18 shows the water front distance analysis to provide indicative diffusion 
coefficient. The distance analysis shows three time regimes and with steeper slopes. The 
indicative diffusion coefficient for the first regime, from 0 minute up to 100 minutes, is 
7.83 x 10"9 m2/s. For the second regime from 100 minutes up to 200 minutes the value of 
indicative D is 2.33 x 10 2 m2/s. For the final stage from 200 minutes until the end of 
measurements, the indicative D is 3.83 x 109 m2/s.
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Figure 7-18: Water penetration distance inside the sample (water ingress) measured from the 4th time MR 
profiles for different wetting times (Oiled black circles), data from the 3rd time profiling (filled black triangles), 
the 2nd time cycle (open blue squares) and data from the first time cycle (filled blue squares). The third cycle 
(filled black triangles) is water ingress from the opposite end of the sample in the other direction. Hence, ingress
starts at 70 mm.
This sample was also measured for the 5th time but due to the water leakage from the 
sides of the sample, the experiment could not be continued. This mortar sample with 
medium sand size clearly showed that the water diffusion in a block of cementitious 
material stops after some time.
In summary these experiments appear to show a series of features. In each case that water 
entered from the left, the initial ingress was very fast. It then slowed. In each subsequent 
experiment the profiles became more “square” and the ingress front became sharper. One 
interpretation is that the first wetting involved capillary adsorption into microcracks. Fine 
particulates were carried in and produced a blocking of the pores. Wetting from the other 
end created a second blockage. Drying affected the position of the blockage a little. Water 
diffuses slowly beyond the blockages. However, it is difficult to be more quantitative.
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7.2.3 Large sand size mortar sample
A mortar sample was prepared 28 days in advance of experiments. The sand size used 
was the large size according to the sand size category for the whole work explained in 
chapter 5 (600 pm < d < 1180 pm). The type of the cement powder used for samples in 
this chapter is white low C3A cement provided from Aalborg Portland Malaysia. The 
sample preparation method used for this sample has been explained in chapter 5. The 
sample was kept in a sealed condition (sealed cured) for 28 days. After 28 days the 
Perspex moulds were cut away and the ends of the sample were cut off square.
The MR profile of the sample was recorded after curing. Then the sample is put in an 
oven at 40°C equipped with a vacuum pump at 100 mbar to dry the sample. The vacuum 
pump was used to avoid carbonation. The sample was weighed everyday during the time 
it was kept in the oven to monitor the mass of the sample. When the mass of the sample 
was not changing anymore the sample was removed from the oven and wrapped in a layer 
of sealing film to measure as dry. Then the water supply setup was attached to one end of 
the sample. The sample was measured dry with the water supply attached to the end of the 
sample. After this process, 80 ml of distilled water is poured into one of the two bottles 
connected to the water head (the one connected to the lower hole of the water head) and 
the wetting process starts immediately after water is poured in. There was another open 
bottle connected to the water head to let the trapped air in the water head out. The 
measurement starts with MR profiles being recorded every 5 minutes. The recording 
interval is extended in such a way that the sample is measured once a day in later 
measurements because the water uptake rate is more stable and slower than the initial 
measurements.
Figure 7-19 shows the MR profiles of this sample measured at different wetting times. 
Top left shows the MR profile of the wet mortar sample after cutting and before drying in 
the oven. Top right shows the MR profile of the dry mortar sample after drying in the 
oven. Bottom left are the MR profiles of the mortar sample during the wetting cycle. 
From bottom to top (lower intensities to higher intensities); 1st profile is the MR profile of 
the sample after water reached the ingress end of the sample (the distilled water poured 
into the container). The 2nd one is after 30 min. The next profiles shown are measured at 1 
hour, 6  hours, 1st, 2nd, 3rd, 4th, 5th, 6 th, 7the and 8 th days after water reached the end of
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the sample respectively. Bottom right shows the MR profile of the saturated mortar 
sample after the wetting cycle is complete.
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Figure 7-19: MR profiles of the 7cm mortar sample with large sand size measured for the first time at different 
times of wetting process. Data is normalised to saturated sand porosity. Top left shows the MR profile of the wet 
mortar sample after cutting and before drying in the oven. Top right shows the MR profile of the dry mortar 
sample after drying in the oven. Bottom left are the MR profiles of the mortar sample during the wetting cycle. 
From bottom to top (lower intensities to higher intensities); 1st profile is the MR profile of the sample after water 
reached the ingress end of the sample (the distilled water poured into the container). The 2nd one is after 30 min.
The next profiles shown are measured at 1 hour, 6 hours, 1st, 2nd, 3rd, 4th, 5th, 6th, 7the and 8th days after 
water reached the end of the sample respectively. Bottom right shows the MR profile of the saturated mortar
sample after the wetting cycle is complete.
Despite the medium sand size sample discussed above, this sample does not let water 
diffuse through the whole length in the 1st time water diffusion. This might be the effect 
of larger sand sizes used for preparation that causes bigger size of pores and micro-cracks 
in the sample. The bigger the pore sizes and cracks are the bigger amounts of impurities 
water carries in the sample. This could be the reason that water diffusion stops before 
water reaches the other end of the sample.
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Figure 7-20: Area below the 1st time MR profiles measured at different wetting times for the 7cm large sand size
mortar sample.
Figure 7-20 shows the area below the 1st time profiles of the large sand size mortar. There 
are two time regimes observed from Figure 7-20. Early stage is from 0 minute until 12 
hours and the late stage is from 1 2  hours until the end of measurements.
Figure 7-21 shows the water front distance from the wetting end of the sample. It is clear 
that after day 3 of the whole measurements, the water ingress slowed down and stopped 
gradually with minimal changes. As mentioned, the pore blocking phenomenon is 
observed in the first stage for this sample and because of this, it is decided to turn the 
wetting end of the sample and measure the sample from the opposite end for the next step.
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Figure 7-21: Water penetration distance inside the sample (water ingress) measured from the 1st time MR
profiles for different wetting times.
There are two time regimes for this sample according to Figure 7-21. The indicative 
measure of diffusion coefficient for the early regime is 6.33 x 10'9 m2/s. The value of D 
for the late regime is 1.60 x 1 0 ' 10 m2/s.
The sample was measured as saturated in a layer of the Duraseal film in the end of the 
measurements. It was then put in the oven at 40°C and 100 mbar to dry while the sample 
was monitored during the drying time. After the mass loss stopped, the sample was 
removed from the oven, wrapped in a layer of the sealing film and measured as dry.
The water supply setup was connected to the opposite end of the sample (the other end 
that was not connected to the water supply for the 1st time measurements). The sample 
was measured immediately after the water supply was connected. It was also measured 
immediately when water reached the ingress end of the sample. This was labelled as 0 
min measurement. The sample was regularly measured every 5 min. The interval time 
was extended gradually to measure the sample once a day.
Figure 7-22 shows the MR profile of the wetting measurements. Top left shows the MR 
profile of the dry mortar sample after drying in the oven. Top right shows the MR profiles 
of the mortar sample during the wetting cycle.
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From bottom to top (lower intensities to higher intensities); 1st profile is the MR profile of 
the sample after water reached the end of the sample (the distilled water poured into the 
container). The 2nd one is after 30 min. The next profiles shown are measured at 1 hour, 3 
hours, 1st, 2nd, 3rd, 4th, 5th, 6th, 7th, 8th and 9th days after water reached the end of the 
sample respectively. Bottom right shows the MR profile of the saturated mortar sample 
after the wetting cycle is complete.
g- 0.7
b ,  0.5 
X
s
£> 0.3
0.4
s5  0.2
"8 0.1
0.0
-15 -10 -5 0 5 10 15
Id
g- 0.7
y
b ri 0.5 
X
y^
 0.3
0.4 -
1 0.2
0.0
■15 -10 ■5 0 5 10 15
Position (cm) Position (cm)
8 °-6 
b  0.5
u  0.4a^
 0.3
2 0.2  -a
"8
^ o.o
-15 ■10 -5 0 5 10 15
Position (cm)
Figure 7-22: MR profiles of the same 7cm mortar sample as shown in Figure 7-18 but from the opposite end 
attached to the water supply setup. The sample is measured at different times of the re-wetting process for the 
2nd time. Data is normalised to saturated sand porosity. Top left shows the MR profile of the dry mortar sample 
after drying in the oven. Top right shows the MR profiles of the mortar sample during the wetting cycle. From 
bottom to top (lower intensities to higher intensities); 1st profile is the MR profile of the sample after water 
reached the end of the sample (the distilled water poured into the container). The 2nd one is after 30 min. The 
next profiles shown are measured at 1 hour, 3 hours, 1st, 2nd, 3rd, 4th, 5th, 6th, 7th, 8th and 9th days after water 
reached the end of the sample respectively. Bottom right shows the MR profile of the saturated mortar sample
after the wetting cycle is complete.
There are again two blocks observed for this sample as well as the medium sand mortar 
sample. The water front moves in slowly. There is an advance of water at a lower
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concentration ahead of the front. There is a second front at 59.30 mm that is not moving. 
This is a new block perhaps due to the fine particulates from the right hand side. Second 
block is where the original block from left side occurred.
According to Figure 7-22, the water diffusion in this sample stopped after some time from 
this end of the sample as well. This is also shown for the medium sand size mortar sample 
as well but after more time of water ingress. For this sample this effect was observed in 
early stages of water ingress. This is due to the bigger pores and micro-cracks in the 
structure of this sample caused because of using the larger size of sand.
The area below the MR profiles are plotted against root time and this is shown in Figure 
7-23.
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Figure 7-23: Area below the 2nd time MR profiles measured at different wetting times for the 7cm large sand size 
mortar sample (open blue squares) and for the 1st time measurements (filled blue squares).
Figure 7-23 shows the area below the MR profiles of the mortar sample and it compares 
the measurements from opposite ends of the sample. There are two time regimes for both 
sets and the time point at which the water diffusion changes are almost similar for both 
sets of measurements. In order to find the indicative measure of the diffusion coefficient 
the water front distance from the end of the sample was measured and plotted against 
ingress time in Figure 7-24.
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Figure 7-24: Water penetration distance inside the sample (water ingress) measured from the 2nd time MR 
profiles for different wetting times (open blue squares) and for the 1st time measurements (filled blue squares). 
The second cycle (open blue squares) is water ingress from the opposite end of the sample in the other direction.
Hence, ingress starts at 70 mm.
There are two time regimes according to Figure 7-24. The early time regime starts at 0 
minute and ends at about 400 minutes. The indicative measure of diffusion coefficient for 
this regime is 1.35 x 10"8 m2/s. the late regime starts at 400 minutes and ends at about 7 
days. The D  is 7.83 x 10' 10 m2/s.
This sample was measured for the third time and the procedure was the same as before. 
But due to the water leakage from the sides of the sample, the measurements were not 
taken further and the sample was removed from the magnet.
7.2.4 Small sand size mortar sample
The other mortar sample measured and monitored for its properties against the pore 
blocking phenomenon and water diffusion was the small sand size mortar sample. The 
sample was prepared using the small size (150 pm < d < 300 pm) and low C3A white 
cement with s: c\ w of 2:1:0.5. The same water ingress-egress cycles discussed for the 
previous sample was repeated for this sample as well. But before the measurement starts, 
the sample was cut off square using a diamond saw.
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The sample was measured as saturated after 28 days. Then the sample was put in the oven 
equipped with vacuum at 40°C and 100 mbar. The mass of the sample was monitored 
regularly until there was no further mass change. The sample was removed from the oven, 
wrapped in a layer of the sealing film and measured in the magnet as dry. The water 
supply setup was attached to one end of the sample and the MR profile of the sample was 
measured with the water supply setup attached. Then 80 ml of distilled water was poured 
into the container connected to the sample. Immediately after the water reaches the end of 
the sample, the NMR measurements start.
Unfortunately, this sample could not be continued for further measurements due to the 
water leakage from the sides of the sample since the measurements start. The reason was 
not clear but it could be the fact that the pores are very small in this system and the water 
pressure behind the sample is not enough to let the water penetrate through. This might be 
the reason causing water leakage from the region where the water supply is attached to 
the end of the sample.
7.3 Conclusion
The ingress-egress hysteresis of water in porous structures of mortar material was studied 
experimentally. Three mortar samples were measured for water diffusion studies. For two 
of the mortar samples there are evidences of pore blocking phenomenon and this is 
clearly shown in an analytical way. The results of area below the curves and the water 
head distance from the wetting end showed that water diffusion in a block of cementitious 
materials stop after some time. This can be due to the fact that water carries particles and 
impurities while diffusing along the sample length. Material porous structure highly 
affects this phenomenon. This is very important and crucial as water diffusion is the main 
reason of degradation of concrete. Knowing that water diffusion stops at some point in 
concrete helps to understand more about the hydration process and if concrete cures under 
water this is a concern to know if water reaches the other end of the block and that block 
cures evenly. Or by time passing on if the block of concrete is exposed to water how far 
water penetrates into that block and what kind of damages it may cause to that block of 
concrete in the real world.
178
Chapter 7. Results for Micro-Imaging on Mortar
Below the indicative measure of diffusion coefficient are compared for different water 
uptake time for the two mortar samples. There are very limited literatures to which I 
could compare my results and the only previous work related to this study is from 
Christopher Hall group [164].
Table 7-1: Comparison of diffusion coefficient for different wetting cycles and different sand size samples.
Sample Water ingress cycle 1
Medium sand size mortar
Medium sand size mortar
Medium sand size mortar
Medium sand size mortar
Large sand size mortar
Large sand size mortar
; regime 
1
Diffusion coefficient 
m2/s 
3.20 x 10"7
2 7.05 x 10"9
1 2.55 x  10'7
2 2.54 x 10"7
1 3.33 x  10'9
2 3.20 x lO'W
1 7.83 x 10'9
2 2.33 x  10 7
3 2.83 x  10'9
1 6.33 x  10'9
2 1.60 x lO "10
1 1.35 x 10"8
2 7.83 x 10"10
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8. Results for 1 and 2D diffusion
8.1 Overview
As it has been discussed in chapter 3, the diffusion coefficient of water is a key parameter 
affecting the mechanical properties and durability of cement-based materials. In this 
chapter water self-diffusion is monitored in cement paste samples.
This study will focus on the results obtained by the large vertical magnet (400MHz) using 
the PFG pulse sequences. 1 and 2 dimensional diffusion in white cement paste from 1 day 
to 1 year will be discussed in this chapter.
The contents of this chapter are now published in the Diffusion Fundamentals Journal 
(volume 18) in 2013 [139]. A copy of the paper is attached in appendix 1. My 
contribution to this work was: (1) sample preparation; (2) data analysis and fitting; and 
(3) helping in experimental setups, finding solutions for experimental and analytical 
problems.
8.2 Diffusion studies on cement paste
The materials used is the low CgA white cement paste with w/c = 0.4. The material was 
obtained from the NANOCEM  consortium [94]. Samples were cast in cylindrical moulds 
with 8 mm diameter and 7 mm depth. The samples were cured underwater (under the 
small quantity of saturated calcium hydroxide solution) in a sealed container once set (15
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hours). Before the NMR measurements, the samples were dabbed dry and placed in 
sealed NMR tubes with glass rod on top to take up the free volume. An old cement paste 
sample was measured as well as young cement pastes. This sample was prepared almost 1 
year prior to the diffusion measurements. The sample was cured under water at all times 
and the w/c = 0.4 and it was prepared using the same materials and same procedure as the 
other samples at younger ages.
NMR measurements were carried out at early stages of hydration from few hours until 
few days. The diffusion coefficient and hydration time dependence was studied and data 
is included in the paper attached in the appendix 1 (Fig. 1, Fig. 2 and Fig. 3). The diffusion 
time is also varied during the NMR experiment and the diffusion coefficient changes were 
monitored while diffusion time was varied.
PFG SE and PFG STE pulse sequences were applied for smaller and larger diffusion 
times respectively. The Cotts [126] sequences were also used to compare the results to the 
results from the PFG STE. The data are in an excellent agreement and this suggests that 
the background gradients due to heterogeneity of the magnet susceptibility are having less 
effect than expected. The results and the comparison are disclosed in appendix 1 (Fig. 1). 
Two dimensional diffusion studies (DDCOSY) were also carried out. To make sure the 
study works the data was also collected from bulk water and wet wood samples. The bulk 
water sample shows one diagonal peak confirming there is no anisotropy as water diffuses 
freely while wet wood shows a more complex pattern with off-diagonal peaks confirming 
that the water is confined within highly anisotropic cells. The cement shows no off- 
diagonal peaks therefore there is no anisotropy for cement sample measurements (water 
diffusion in young capillary pores is isotropic). The results are shown in Fig. 4 in 
appendix 1. The isotropic pattern for the cement paste sample is consistent with 
simulations presented in [163].
8.3 Conclusion
The study shows that the NMR PFG method is primarily sensitive to the capillary 
porosity. Data is fit on the basis of a log-normal pore size distribution with pore size 
dependent relaxation times. The volume mean capillary pore size is 4.2 pm in mature 
paste, similar to 1 week suggesting that hydrates and gel porosity do not form in the
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capillary porosity once the latter has been substantially created. Using Cotts sequence 
[126], it is shown that the internal susceptibility gradients effects are very small. No 
evidence is found of capillary pore anisotropy in cement paste.
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9. Conclusions and future work
9.1 Overview
This chapter deals with the conclusions of the whole work presented in this thesis and 
also the comments recommended that would be useful for future work idea.
9.2 Conclusions
For the GARField measurements, the values of fit parameters and intrinsic permeability 
for all of the samples analysed are shown in Table 6-6 to compare them together. In 
general the Baroghel-Bouny model fits the mortar samples better than the cement pastes. 
This may be because the mortar material has greater porosity and a much wider 
distribution of pore sizes due to the presence of aggregates that causes microcracking. 
The intrinsic permeability parameters found are similar to sample M2 discussed in [101] 
but the intrinsic permeability is smaller than for Baroghel-Bouny samples M \N  and M 2N  
by about a factor of 10.
The intrinsic permeability parameters for cement pastes are similar to those measured by 
beam bending methods by Scherer and co-workers [109] [110]. These are amongst the 
lowest values reputed in literature and are often considered the “best” for cement paste 
because there is no need for sample drying or any other sample preparation which 
changes sample structure. The values are expected to be very low due to the very small 
(nano-scale) pore sizes in cement paste.
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In this work some of the samples measured are presented. For the rest of the samples, the 
measurements are complete but the analysis showed that there is a problem with the 
sample preparation and storage. There is  evidence showing that the sample is not sealed 
perfectly from the sides and therefore, the sample is uniformly drying along the length. 
Where, in normal cases the sample should be sealed from the sides and there must not be 
drying from the sides of the sample and the sample is only drying from one end. There is 
also some issues with uniformity of the samples and some of the samples are not 
homogenous enough to be considered.
In chapter 7, the ingress-egress hysteresis of water in porous structures of mortar material 
was studied experimentally. Three mortar samples were measured for water diffusion 
studies. For two of the mortar samples there is evidence of pore blocking phenomenon 
and this is clearly shown in an analytical way. The results of area below the curves and 
the water head distance from the wetting end showed that water diffusion in a block of 
cementitious materials stop after some time. This can be due to the fact that water carries 
particles and impurities while diffusing along the sample length. Material porous structure 
highly affects this phenomenon. This is very important and crucial as water diffusion is 
the main reason of degradation of concrete. Knowing that water diffusion stops at some 
point in concrete helps to understand more about the hydration process and if concrete 
cures under water this is a concern to know if water reaches the other end of the block and 
that block cures evenly. Or by time passing on if  the block of concrete is exposed to water 
how far water penetrates into that block and what kind of damages it may cause to that 
block of concrete in the real world. The results in this work are in good agreement with 
previous results from Hall group [164].
Chapter 8 is the work done with regards to self-diffusion measurements using PFG 
techniques. The study shows that the NMR PFG method is primarily sensitive to the 
capillary porosity. Data is fit on the basis of a log-normal pore size distribution with pore 
size dependent relaxation times. The volume mean capillary pore size is 4.2 pm in mature 
paste, similar to 1 week suggesting that hydrates and gel porosity do not form in the 
capillary porosity once the latter has been substantially created. Using Cotts sequence
[126], it is shown that the internal susceptibility gradients effects are very small. No 
evidence is found of capillary pore anisotropy in cement paste.
184
Chapter 9. Conclusions and Future Work
9.3 Future work
This is some advice and some recommendations for each part of this study.
For the permeability study, the sample preparation method can be improved using better 
engineered equipments such as moulds and materials. The sealing of samples to side 
walls of the glass tube can be also improved. The data acquisition using GARField could, 
in retrospect, be improved either by shortening the pulse gap so as to faithfully record the 
entire solid or by lengthening the gap to reduce the influence of solid. The former is 
preferable, but the latter is easier technically. In retrospect, an unfortunate choice of t was 
used that partially gave the solid. Some of this work has now been submitted for 
publication. However, late in the day additional data sets were recorded with different 
pulse gaps. The sample holder in the magnet can be also changed in size to be able to 
measure bigger (in diameter and length) samples that can help to avoid sedimentation at 
the bottom and measuring the uniform part in the middle of the sample. The equipment 
was made and prepared but it was not used for this study. The other two suggestions are;
(1) to add chemicals in the water reservoir (98% RH end) to simulate the real world 
condition and compare it to the laboratory condition; and (2) to add waste products to 
cement such as PFA and compare the results to the pure cement paste and this would help 
in using more waste products which helps to reduce CO2 emission and energy 
consumption.
With regards to the diffusion measurements explained in chapter 7, the samples can be 
cured under water and compare the results with the one cured sealed. During the 
measurements the other end of the sample can be sealed as well as the sides of the sample 
and with this we can avoid evaporation, air pressure and water adsorption from the sides 
and the other end of the sample. The water used to wet the sample can be mixed with 
other chemicals (instead of using distilled water) and simulate the rain water condition 
penetrating into concrete in buildings.
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Abstract
The results o f one- and two-dimensional lH nuclear magnetic resonance (NMR) pulsed 
field gradient (PFG) diflusometry studies of water in white cement paste with a water-to- 
cement ratio 0.4 and aged from 1 day to 1 year are reported. The study shows that the NMR- 
PFG method is primarily sensitive to the capillary porosity7. Data is fit on the basis o f a log­
normal pore size distribution with pore size dependent relaxation times. The volume mean 
capillary pore size is 4.2 pm in mature paste, similar to 1 week suggesting that hydrates and 
gel porosity7 do not form in the capillary porosity7 once the latter has been substantially 
created. No evidence is found o f capillary pore anisotropy in cement paste.
Keywords
Cement, diffusion, porosity; NMR PFG.
1. Introduction
A detailed understanding o f microstructure, pore-water interactions and water diffusion in 
cement, the binder phase o f concrete, remains elusive even though concrete is used globally 
in vast quantities. This is because cement is highly heterogeneous and morphologically 
complex on multiple length scales. Nuclear magnetic resonance (NMR) pulsed field gradient 
(PFG) diffusometry [1,2] is a wrell established method for measuring the self diffusion 
coefficient. D. o f small molecules in liquids. The time dependence of the apparent diffusion 
coefficient D^P for liquids in porous media -  restricted diffusion - can yield information 
about the confining microstructure. The method has been applied previously to cements 
[3,4]. However, cements pose multiple challenges. First, large magnetic field gradients due to 
inhomogeneity o f the sample magnetic susceptibility can s'wamp the applied field gradients 
making quantitative measurement difficult. Second, cement paste has small pores so mean 
free paths are very limited. Third, NMR relaxation times (spm-spin and spin-lattice) are very 
short, limiting the maximum length Ô, and separation. A, of the gradient pulses that can be 
applied. For these reasons, the method is primarily sensitive to capillary pore water.
C 2013. Victor Rodin 1
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We report one- and two-dimensional PFG studies of water in white cement paste. 
Pastes are cured for periods of one to fourteen days and one year We have adapted a well 
known expression for restricted diffusion in a Gaussian distribution of pore sizes [5] to the 
case of a log-normal distribution for which the relaxation times T\ and h  are pore size 
dependent. The pore sizes discovered are micron in size and correspond to the capillary 
network. It is believed that smaller gel and inter calcium silicate hydrate (C-S-H) layer 
spaces in cement are broadly planar [6.7]. Therefore, we have looked for evidence of 
anisotropy in the nascent gel and capillary pore network of young samples using two- 
dimensional NMR PFG methods. No anisotropy was seen.
2. Materials and methods
2.1, Materials
Low QA white cement was obtained from the Nanocem consortium (www.nanocem.org). 
Cement was mixed into paste with a water to cement ratio of 0.4 by mass using methods 
established by Nanocem [8]. Samples w ere cast in 8 mm diameter and 7 mm deep cylindrical 
moulds and, once set (15 hrs), cured under saturated Ca(OHL solution. Hence, sufficient 
capillary water remained to measure even after 1 year. Prior to NMR-analysis. samples were 
dabbed dry and placed in sealed NMR tubes with glass rods to take up the free volume.
2.2. Methods
NMR measurements were made using a 400 MHz Chemagnetics Infinity spectrometer 
equipped with a 10 mm Fraunhofer Institute jH probe and an 89 mm bore Magnex 
superconducting magnet. The 90° pulse width was 10 ps and the spectrometer dead time 6-8 
ps. NMR PFG studies have been realised in one- and two-dimensions. In one-dimension, the 
spin-echo (SE) pulse sequence [9] was used with echo times (2n) ranging from 12 to 28 ms 
and gradient pulses of duration 6 = 2 ms and maximum amplitude Gmss: = 1.5 Tin and with 
encoding time A = t?. The three pulse stimulated-echo (STE) sequence [10] was also used 
with storage times n and encoding times A = 1 1 + 1 2  up to 50 ms. Sequences are available to 
negate the deleterious effects of internal magnetic field susceptibility gradients. A popular 
choice, as discussed by [11], is that due to Cotts eial [12]. The Cotts sequence introduces 
bipolar gradient pairs separated by additional 180° pulses in place of each gradient pulse of 
the STE sequence. We implemented the Cotts variant shown in Figure 4a of reference [12] 
using a bipolar pair of 1 ms gradient pulses in place of each 2 ms pulse. Up to 1024 averages 
with a repetition time of 1 s were recorded per echo spectrum In two dimensions, diffusion- 
diffusion correlation experiments (DDCOSY) [13] comprising of two spin echoes created by 
two pairs of pulsed field gradient were carried out with encoding times of 6 ms and gradients 
in x and y-directions. Ti distributions in pastes were measured using Carr Purcell Meiboom 
Gill experiments with a pulse gap interval of 25 us and 200 echoes. Echo decays were 
inverted using the Inverse Laplace Transform algorithm due to Venkataramanan et al [14]. 
Other analysis wras conducted using in-house MatLab® codes.
3. Theory and models
3.1. PFG SE and PFG STE
The NMR echo intensity recorded in the presence of a pair of field gradient pulses of 
strength G, duration «3 and separation A is smaller than the echo in the absence of the gradients 
due to diffusive attenuation. For small molecules diffusing in bulk liquids the additional echo 
attenuation 7(G)/7(0) is given by:
C 2013. Victor Rodm 2
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^ = e x p (- r (A -j/3 )û )  (1)
where q = yGd and y is the ^H) nuclear magnetogyric ratio. The equivalent result for echo 
attenuation for the Cotts sequence is given as Eq. (5) in [12]. It includes a factor for the applied 
gradient similar to Eq. (1), a corresponding term for the background gradient and a cross term. 
Note the notation used throughout tins work which follows [9] differs from that adopted in
[12]. most notably in the definition of A.
There is much further literature on the form of the echo attenuation in the case of molecules 
in porous media. For small pores, size r, in the long time limit model (A »  r/D) it has been 
shown by Callaghan et ai. [5] that the echo attenuation is well approximated by:
1(0
m
= exp(-/?V ) (2)
where /î2 = ÿ/5. The same authors go on to present a development of this result applicable to a 
Gaussian volume distribution of spherical pore sizes:
/(3,G ,r0,a ) 1 ' 0  V,_______ exp
/(0) J l + 2 < r f  1 \+2a2pz (3)
where ro is average pore size and c  is standard deviation However in cement pastes the nuclear 
spin relaxation times are strongly pore size dependent. It has previously been shown that, to a 
good approximation T\ = ah  and that J i= r/3Â [15-17] (assuming spherical pores) where À is 
the suffice relaxivity and a is a constant. Hence, we prefer to explicitly write the integral 
formulae for a distribution of sizes:
l(G,r) = J /0(r)exp(-jS V  )exp(-6Ar2 / r)exp(-3Ar, / arjdr (4)
where ti is zero and is is the pulse gap in the SE experiment and r, and r; are the separation of 
second and third and first and second RF pulses respectively of the STE pulse sequence, and 
Io(r) is proportional to the distribution of pore volumes. The signal attenuation can be 
calculated by numerical integration and a global fit to data acquired as a function of A = n + t:, 
13 and G. Experimentally, in similar pastes at 20 MHz, cr=4 and A= 0.0037 nm/ps. At 
400 MHz, a is about ~ 9 times larger [18], while A is expected to be comparable [16].
3.2. Diffusion-diffusion correlation in study of local order
Full details of the DDCOSY experiment analysis are to be found in the literature [1,13]. A 
2D Inverse Laplace Transform of the resultant data set,
a, kxpHio-A: ),   (5)
*0
yields a spectrum that reveals anisotropy of the diffusion tensor. The powder average for a 
system with locally axially symmetric diffusion tensor, see references, is especially tractable 
and commonly studied.
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4. Results and analysis
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Fig. I. Companion of gradient attenuation 
cuives for the Cotta (open circles) and STE 
(solid squares) sequences for water (top left) 
and cement paste after 2V i (top light), 4 (bottom 
left) and 9 (bottom light) days hydration. Left:
A = 30 ms; right: A = IS ms.
4.1. Internal gradients: Comparison of the Cotts and STE sequences.
The use of the Cotts sequence was compared to STE. Figure 1 shows the direct 
comparison for water, and for a cement paste after 2.5,4 and 9 days hydration variably for 
A = 18 or 30 ms. It is seen that agreement between the two data sets is excellent in the case of 
water, as expected. It is also surprisingly good in the case of white cement. This suggests that 
background gradients due to heterogeneity of the magnet susceptibility is having 
substantially less effect than might have been expected. One reason that the internal gradients 
may not be as severe as expected is that iron (the leading, but nonetheless small source of 
paramagnetic impurity in white cement) does not distribute uniformly throughout the paste 
but rather aggregates in nano-crystalline Aim or hydrogamet phases [19]. Given this finding, 
we do not use the Cotts sequence, nor consider background gradients further in this work. 
This is for two reasons. First the presence of the cross term in the Cotts echo attenuation 
formulae, and the fact that the background gradient is probably pore size dependent, 
significantly complicate the calculation of pore size distributions using Eqs (3) and (4). 
Second, the requirement to introduce additional gradient switching delays into the pulse 
sequence that increase signal relaxation attenuation, and other signal loss mechanisms, as 
discussed by Wu et ai [20], reduce the signal-to-noise ratio of the experiment when this is 
already a severe limitation.
4.2. Diffusion during early hydr ation of cement paste
CPMG decays were measured as a function of hydration time for a cement paste. As 
reported elsewhere [21,22] they showed that from 1 day onwards, the overwhelming majority 
of the signal has Tj relaxation times of the order of, or less than. 1 ms corresponding to 
bound water and water in nanometre sized pores. Only a very small fraction had substantially 
larger relaxation times corresponding to water m micron sized capillary pores. Nonetheless, it 
is this fraction that dominates the echo signal seen in PFG experiments.
O 2013. Victor Rodin
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Fig. 2. PFG-SE artenuanon curves for cement 
paste for hydration, times of 15 hours (top left), 
2 days (topright) and 14 days (bottomleft).
Hie experimental parameters are A = 6 ms and 
6 = 2ms. Bottom right: the mean pore sire 
evaluated from the attenuation curves according 
to Eq. (3).
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During the early stages of hydration, the sample morphology is evolving too quickly to 
enable a full multi-parameter data set to be measured. Rather, measurements with sufficient 
signal-to-noise ratio can only be made for one value of A and <5 (here 6 and 2 ms 
respectively) and for a series of values of G. Fig. 2 shows the results of such measurements 
for a sample after 15 hrs, 2 days and 14 days of hydration. It is seen that the log-echo decays 
are non-linear indicating restricted diffusion. Consequently, the data sets have been fit to Eq.
(3). The resultant mean pore size as a function of hydration time is shown in Fig. 1 bottom 
right. It attains 4  urn by 1 week. The pore size distribution widths given by the data fits are 
comparable to the mean sizes suggesting a broad distribution but also reflecting the 
limitations of the model. The largest mean pore size calculated is 8 pm. Given the bulk 
diffusivity of water, 2.3 % 10"9 m2/s [23] and the shortest A = 6 ms. we calculate that we are 
just within the long time limit since (6DA)12 = 9 pm > 8 pm in the worst case scenario.
4.3. Diffusion in mature paste
The average pore size is of the order of microns, but the fact that the 72 relaxation is 
strongly pore size dependent, means that large pores are over-represented in the signal. In 
order to overcome this difficulty, a data set was acquired at ô = 2 ms as a function of A 
(6m s<A< 50ms) and G (0 < G< 1.2 T/m) for a mature (1 year) paste. A global fit to the 
data was made using Eq. (4) with a = 35 and fit parameters, % oandA on the basis of a log­
normal volume distribution of pore sizes so that:
f
l a (6)
where ro is the mean pore size and a  is dimensionless width parameter. The data and global 
best fit are shown m Fig. 3 (left). The fit parameters are ro=4.2pm a=0.51 and 
À = 0.7 nm'jis. It is noticeable that the size of capillary pores after one year is comparable to 
that after 1 week. The NMR evidence is therefore that the C-S-H and gel pore network does 
not fill the capillary porosity, once created, as the former grows. The analysis is insensitive to 
the chosen value of a  and only weakly sensitive to A although the latter is significantly 
larger than expected We note that fits are only marginally worse by eye by fixing
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A = 0.0037 nm/tis. see section 3.1, and allowing a to float In this case ro = 9.0 pni o= 0.37 
and a =12. However, now the resultant relaxation times in the biggest pores are 
unreasonably large. Single component fits to plots of ln(7(G=0)) against (SE data) or ti at 
constant v> (STE data). Fig. 3 (right) yield 7% and T\ values of 24 and 43 ms respectively. 
These times are less than predicted by scaling low frequency, nano-pore results (fixed A) but 
are more than those for the first analysis. We attribute these discrepancies to over simplified 
application of the model of relaxation in large pores, and to residual diffusive attenuation 
effects in background gradients, h  decays in particular are more normally measured using 
echo trains with closely spaced echoes to alleviate the problem.
Fig. 3. (Left) Exemplar echo decay curve: and 
global fitting for a year-old cement paste with 
initial water-to-cement ratio 0.4. The curves are for 
different values of A = r2 + T| (from top: 6; 8; 10;
14; 30 and 50 ms) and n  (6,8,10,14,6.4 and 6.4 
ms) all with 0 = 2 ms. (Right) Plot of ln(J (G = 0)) 
against 2r: (SE: solid points) and r,, (STE: lower 
pomts). The trend lines have decay constants 24 
and 43 ms respectively.
4.3. DDCOSY
In order to check that the DDCOSY experiment is working correctly. Fig. 4 (top) shows 
spectra recorded from bulk w ater and a sample of wet wood. The bulk water diffuses freely 
whereas water in the wood is confined within highly anisotropic cells, tens of microns in 
size. As expected only a single diagonal peak is seen in the case of bulk water whereas a 
more complex pattern is seen for wrood. This pattern is consistent with simulations, not 
shown, for a powder average system using similar experimental parameters in which the 
local diffusion tensor is cylindrically symmetric with diffusion on-axis an order of magnitude
Fig. 4. Diffusion-diffusion correlation specna for 
bulk water (top left), wood (top right) and cement 
paste at 1 day (bottom left) and 2 days bottom 
right. In each case the spectrum is derived from a 
20 x 20 data set with dl-2 = 1ms, A,j= 6ms. The 
maximum gradient strength is 12  T/m. Only the 
wood reveals a signature of art anisotropic 
diffusion tensor. The data bottom left was 
recorded at 3 "C in order to slow hydration of the 
cement. (Note that the axis scale varies across the 
plots).
Fig. 4 (bottom) shows DDC OSY spectra of cement samples after 1 and 2 days hydration. 
The data at 1 day was recorded at 3 °C in an attempt to slow the hydration kinetics and hence 
to allow more time for data acquisition with an unchanging sample. Both plots are similar to 
Fig. 4 (top left) and suggest water diffusion in young capillary pores is isotropic. There is no 
evidence for anisotropy in the pore shapes. This is consistent with micrograph evidence that 
typically shows anisotropy of small gel pores, but not the larger capillary’ pores [24,25].
smaller than orthogonal to the axis.
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Appendix 1
5. Conclusion
Pulsed field gradient experiments have revealed the typical pore size of capillary pores in 
cements. Once established after a few days hydration, they do not change significantly, they 
do not infill. The NMR analysis has been extended to allow for a log-normai distribution of 
sizes with spin relaxation rates inversely proportional to the pore size. Two dimensional 
correlation experiments have found no evidence for capillary pore anisotropy in cement. The 
effects of internal susceptibility gradients were shown to be surprisingly small.
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